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ABSTRACT

Aquatic environments are impacted by different environmental stressors including metals
pollution. Therefore, it is important to understand how metals act and interact to alter aquatic
ecosystems. Zinc (Zn), one of the most abundant trace metals on earth, when in excess causes
physiological perturbations to aquatic organisms that are attributed to the impairment of cellular
energy homeostasis. I studied the effects of Zn on mitochondrial bioenergetics and how they are
modulated by calcium (Ca). My overall hypothesis was that Zn and Ca act antagonistically to
impair mitochondrial function. In my first study, I characterised the interactive effects of Zn and
Ca on mitochondrial morphofunctional integrity. I showed that mitochondrial responses to Zn
and/or Ca depend on the concentration, mitochondrial functional metric and technique used. Low
concentrations of Zn or Ca had stimulatory effects on respiration but when in combination they
synergistically inhibited respiration. Surprisingly, co-exposure of the low concentrations of the
two cations had synergistic antioxidant effect. I observed more synergistic interactions on
complex I (CI) activity, respiration and induced reactive oxygen species (ROS) emission at high
concentrations of Zn and Ca. Only on two endpoints, membrane potential (∆Ψmt) and
ultrastructure, were the interactions between Zn and Ca antagonistic. Overall, I showed that the
responses to Zn, Ca and anti-oxidants vary according to the functional metric and a
comprehensive assessment of their effects on different endpoints is required to get a holistic
picture about their effects on mitochondria.

iv

In my next study, I tested the hypothesis that Zn moves through the mitochondrial calcium
uniporter (MCU) and competes with Ca to enter the mitochondrial matrix. I developed a method
to simultaneously measure mitochondrial respiration, ∆Ψmt/pH and ROS and found that Zn does
not rely on the MCU to impair mitochondrial function. I confirmed the exclusivity of the MCU
as the Ca uptake route by completely abolishing Ca-induced mitochondrial depolarization spike
(mDPS) using ruthenium red (RR), an MCU blocker. Moreover, I excluded a role of
mitochondrial permeability transition pore (mPTP) opening in the mechanism of mDPS, and,
importantly, showed that mitochondrial permeability transition precedes the ROS burst that is
observed during the mPTP opening.
Using my novel method for simultaneous measurement of multiple mitochondrial functional
indices, I discovered a transient burst in ROS (mitochondrial transition ROS spike: mTRS) that
occurs at mitochondrial transition between states 3 and 4. This transient ROS burst, observed in
mitochondria from different organs and species, was clearly ∆Ψmt-dependent and not associated
with a pH shift. Importantly, I showed that the mTRS can be used as an indicator for
mitochondrial coupling, antioxidant status and both CI and nicotinamide nucleotide
transhydrogenase (NNT) function. Overall, my research not only unveiled the nature of the
interactive effects of Zn and Ca on mitochondrial bioenergetics but contributed fundamentally to
the mitochondrial physiology field through the discovery of mTRS and development of
multiparametric methodologies.
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CHAPTER 1

INTRODUCTION

1

1.1 THESIS SCOPE
Aquatic environments are commonly impacted by stressors that may affect organismal health
and biodiversity at the ecosystem and species levels. While natural phenomena do cause
environmental stress, human activities are the main cause of environmental degradation. One of
the problems associated with human activities is metals pollution. There are two types of metals;
those that do not have biological value for organisms such as cadmium, lead and mercury, and
those that are needed for normal body functions and have biological significance for proper
growth, development, and physiology of organisms but above certain levels cause toxicity such
as chromium, copper, Zn and iron. Interaction between these metals could be antagonistic,
additive or synergistic causing a variety of effects on aquatic organisms. The Environmental
Protection Agency (EPA) risk assessment procedure relies on data from individual stressors to
extrapolate effects of multiple stressors (EPA, 1998). Therefore, it is important to study the
interactive effects of metals on fish in order to accurately predict their environmental impacts.
Among the metals of concern to the aquatic environment, Zn is commonly found at elevated
levels in the aquatic environment. Although the effects of Zn in aquatic species have been found
to be mitigated by Ca at the organismal levels (Alsop and Wood, 2000; Glover and Hogstrand,
2002; Hogstrand et al., 1996; Niyogi and Wood, 2006), their interactive effects at internal target
sites and impact on cellular metabolism have not been clearly elucidated.

The main goal of my thesis was to elucidate the interactive effects of Zn and Ca and their
underlying mechanisms in fish with a focus on mitochondrial physiology (Fig. 1.1). I used
2

rainbow trout (Oncorhynchus mykiss) because of its comprehensive record in mechanistic
toxicology studies and ease of manipulation and experimentation (Carvan et al., 2007). My
overarching hypothesis was that Zn, an essential trace element that is required for normal cellular
function and to protect against oxidative stress, would impair mitochondrial function at excess
levels. I predicted that due to similar physicochemical properties, (i) Ca would protect against
Zn-induced bioenergetic impairment and (ii) Zn would utilize Ca uptake pathways to enter
mitochondria. First, I evaluated the individual and binary effects of Zn and Ca on mitochondrial
respiration, ETS activity, redox state, ROS emission, ∆Ψmt and ultrastructure. Second, I
developed a method to measure oxygen consumption, ROS and ∆Ψmt/pH simultaneously and
assessed the effects of Zn and/or Ca on the relationship between mitochondrial functional traits
and tested if the uptake of these cations into mitochondrial matrix is a prerequisite for their
deleterious effects on mitochondrial function. Third, I uncovered a mitochondrial ROS burst
associated with mitochondrial energy transition, and elucidated its underlying mechanisms.

1.2 ZINC
Zn is the 23rd most abundant element in the earth crust (USGS, 2010) and it is the 2nd most
abundant trace element after iron in all living organisms (Vallee, 1986). Industrial applications
for Zn including the production of alloys, galvanization of steel, die casting, rubber, paint and
agricultural products account for about 75% of the Zn sources to the aquatic environment (Wood
et al., 2012) (Fig. 1.2). The yearly release (metric tons) of Zn into the environment is about 2,720
to soil, 460 to wastewater, 254 to surface water, and 91 mt to air (Wood et al., 2012).
3

Figure 1.1. Diagram showing the interactions investigated in this thesis on fish bioenergetics. The
mechanistic underpinnings of the effects of Zn and Ca on rainbow trout mitochondria were
investigated.

4

Zn concentrations in aquatic systems vary with anthropogenic inputs and distance from land
(freshwater: 0.02 µg/L in remote rivers but up to more than 1000 µg/L in areas near mining and
metallurgic industries; marine water: 1-60 ng/L in open oceans but up to 5 µg/L in developed
estuaries) (Eisler 1993; Luoma and Rainbow, 2008). Regulatory organizations such as the EPA
recommend the maximum concentration of Zn based on water hardness. Importantly, the biotic
ligand model (BLM) approach found that Ca, magnesium (Mg), sodium (Na), and protons (pH;
H+) modulate the bioavailability and toxicity of Zn in aquatic organisms (Heijerick et al., 2005;
Santore et al., 2002).
1.2.1 Zn uptake and homeostasis in fish
Fish take up Zn via two main pathways: the gills for waterborne metal and gastrointestinal tract
for dietborne metal. Several mechanisms of Zn uptake have been described at both the gill and
intestinal sites (Glover and Hogstrand, 2002; Hogstrand et al., 1996). Generally, Zn requires two
families of transporters to move from and to the cytosol: Zn importers encompass Zinc-regulated
transporters (ZRT), Iron-regulated transporter (IRT)-like proteins (ZIP family), while the
principal exporters are the Zn transporters (ZnT family) (Zheng et al., 2014). Although the apical
uptake of waterborne Zn occurs through the epithelial Ca channels (ECaC) and ZIP-like
transporter (ZTL) in the gills of freshwater fish (Bury et al., 2003; Qiu and Hogstrand, 2004),
branchial Zn uptake in the marine environment is not dependent on the Ca channel (Zhang and
Wang, 2007).

5

Figure 1.2. Diagram showing sources of Zn in the aquatic environment. Among different sources,
industrial activities constitute the major sources of Zn release to the aquatic environment.
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Following its entrance on the apical side, the mechanism of basolateral exit of Zn relies primarily
on the ZnT1 (Zheng et al., 2014) (Fig. 1.3). On the other hand, intestinal uptake of Zn is
mediated by Ca-dependent and independent pathways (Glover et al., 2004). Additionally, the
divalent metal transporter-1 (DMT1) has been shown to have an affinity for Zn at the brush
border of the intestine (Espinoza et al., 2012; Zheng et al., 2014). Furthermore, a potassium
efflux-linked Zn uptake mechanism has been proposed to contribute to Zn uptake (Glover et al.,
2004). The cytosolic free Zn is controlled mainly by two mechanisms: buffering and muffling
(Colvin et al., 2010; Maret 2013). Buffering depends on the affinity of cytosolic proteins to bind
Zn and maintain its free form (Zn2+) in the picomolar range. One of the key buffering proteins
for Zn is metallothionein (MT) (Krężel and Maret, 2016), a low molecular weight (7 kDa)
protein that binds Zn and its expression is responsive to cellular Zn levels (Maret 2013;
Thirumoorthy et al., 2011; Zhao et al., 2014). Moreover, Zn plays important roles in many
cellular proteins such as oxidoreductases, transferases, hydrolases, lyases, isomerases and
ligases; these proteins provide additional buffering capacity for cellular Zn (Colvin et al., 2010).
On the other hand, muffling is the control of free cytosolic Zn concentration by transferring the
metal to different sub-cellular compartments (Colvin et al., 2010; Maret 2013). Although Zn has
been reported to use the Ca uptake pathway to enter the mitochondria (Jiang et al., 2001), the
mechanisms of Zn uptake by subcellular compartments are generally unclear (Dineley et al.,
2003; Eide 2006; Maret 2013)

7

Figure 1.3. Diagram showing cellular Zn uptake in fish gill. ZIP: Zrt/IRT-like protein; ECaC: epithelial
calcium channel; ZnT1: zinc transporter 1; ZTL: zinc-regulated zinc transporter.
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1.2.2 Physiology of Zn
Zn contributes to almost all biological processes and is indispensable for the normal body
function (Kambe and Fukada, 2014; Maret 2013). The importance of Zn in normal physiology is
highlighted by the revelation using a bioinformatics approach that at least 10% of the human
genome encodes Zn proteins including Zn finger proteins and enzymes (Maret 2013). Moreover,
Zn plays an important role in signaling through activation of metal-responsive transcription
factor that is crucial for several biological processes including embryonic development and
expression of antioxidant enzymes (Grzywacz et al., 2015; Wood et al., 2012). Additionally, Zn
is a limiting factor for cell division (MacDonald 2000), immune response (Haase and Rink,
2014) and bone and cartilage formation (Nakashima et al., 2002; Wood et al., 2012). Zn is
considered an antioxidant through its role in the protection of sulfhydryl groups against
oxidation, and inhibition of the production of ROS (Bray and Bettger, 1990; Maret 2013).
Despite the essentiality of Zn for organismal physiology, at excess levels it has been associated
with toxic responses in fish (Wood et al., 2012).

1.2.3 Toxicity of Zn in the aquatic environment
Zn is considered an important pollutant and its toxicity values have been defined for the aquatic
environment. The acute toxicity values (96 h LC50) for Zn range from 66 to 40,900 µg L-1 in
freshwater fish depending on water hardness and species (Wood et al., 2012). Acute toxicity of
Zn encompasses structural damage to the gill tissue including hyperplasia, hypertrophy,
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increased mucus secretion and consequently suffocation and mortality (Santos et al., 2012; Wood
et al., 2012). Importantly, Zn can impose acute deleterious effects on fish at lower concentrations
than those that cause structural changes. These deleterious effects include interference with Ca
uptake through gills, induction of metabolic acidosis through increased ammonia secretion and
stimulation of uptake of acid equivalents (Spry and Wood, 1985; Wood et al., 2012). Zn has been
found to interfere with Ca homeostasis at several locales. First, Zn reduces Ca uptake at the
apical side of the gill epithelia by competing with Ca at the ECaC and altering Ca export by the
plasma membrane Ca2+ ATPases (PMCA) at the basolateral membrane (Qiu and Hogstrand,
2004; Qiu et al., 2005; Wood et al., 2012; Zheng et al., 2014). Second, Zn stimulates the release
of intracellular Ca from the endoplasmic reticulum (ER) through phospholipase C activation
(Wood et al., 2012). In chronic Zn exposure, the no observed effect concentration was reported
to range from 16 to 974 µg L-1. Chronic Zn toxicity in fish manifests as reduced feed intake and
growth, reproductive impairment and even lethality as a result of hypocalcaemia (Wood et al.,
2012).
In saltwater that contains high Ca concentrations (~10 mM), fish are thought to be protected
against acute Zn toxicity (Wood et al., 2012). Interestingly, the 96 h LC50 for Zn ranges from
190 in cabezon (Scorpaenichthys marmoratus) to 83,000 µg L-1 in mummichog (Fundulus
heteroclitus). Thus there is an overlap in values of the 96 h LC50 between fresh and salt water
suggesting that the hypothesis that saltwater might be protective against Zn toxicity is not fully
justified (De Schamphelaere and Janssen, 2004; Wood et al., 2012).
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Overall, Zn imposes deleterious effects on fish health in part by disrupting Ca homeostasis.
Therefore, knowledge of the mechanisms of interaction between Zn and Ca at different levels of
biological organization is important for the understanding of Zn-induced toxicity in fish.
1.3 CALCIUM
Ca is an essential element for every living organism and is a signalling cation for many
biological processes. Because Ca sources for fish are either from the water or diet, its uptake
occurs mainly through both gills and intestine (Ichii and Mugiya, 1983; Marshall 2002; Qiu and
Hogstrand, 2004; Wood et al., 2012). The main form of Ca in the aquatic environment is Ca
carbonate (CaCO3) which is the main component of water hardness. Water hardness is described
as CaCO3 and is classified as soft, 0 to <60 mg/L; medium hard, 60 to <120 mg/L; hard, 120 to <
180 mg/L; and very hard, 180 mg/L and above (Environment Canada 1977).
1.3.1 Uptake of Ca by fish
Generally Ca uptake occurs through the intestinal route except that fish additionally take it up
from the aquatic environment through their gills and skin (Flik et al., 1995; Qiu and Hogstrand,
2004). The mechanisms of intestinal uptake of Ca in fish have been controversial (Flik et al.,
1995; Qiu and Hogstrand, 2004) but it has recently been proposed to occur through the ECaC
and Na+-Ca2+ exchanger (NCX) (Genz et al., 2013; Lin et al., 2016). In gills, ECaC in the
chloride cells moves Ca intracellularly through the apical side of gill epithelia (Qiu and
Hogstrand, 2004) while on the basolateral side, Ca-ATPase exports Ca into the blood stream
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(Flik et al., 1995). It is worth noting that in saltwater where Ca levels are high, fish rely mainly
on gills to regulate Ca and the contribution of intestinal uptake is negligible (Flik et al., 1995).
Additionally, skin of fry and juvenile fish might possess ion-transporting cells (ionocytes =
chloride cells) that participate in the active Ca uptake (Flik et al., 1995).
1.3.2 Physiology of Ca
As one of the principal ions for life, Ca levels (free form) in cells have to be maintained within a
narrow physiological range. Cellular Ca homeostasis is maintained by two types of ATPase
pumps, PMCA and sarcoplasmic reticular Ca2+ ATPases (SERCAs), that either move Ca
extracellularly or into the ER, respectively. Other pathways for cellular Ca regulation are the
NCX, Na+/Ca2+-K+ exchangers (NCKX) and the voltage-gated Ca2+-selective channels that have
the ability to move millions of Ca ions in a second across excitable membranes of nerves and
muscles (Clapham 2007).
Within the cell, Ca can be transported between subcellular compartments. For example,
movement of Ca between the ER and mitochondria occurs at contact sites where the two
organelles are connected with tethers (Csordás et al., 2006). Ca uptake through the inner
mitochondrial membrane (IMM) occurs primarily through the MCU and is ∆Ψmt-dependent
(Brookes et al., 2004). Recently, two fundamental components of the MCU, the mitochondrial
calcium uptake proteins 1 (MICU1) and 2 (MICU2), were identified (Clapham 2007; Kamer and
Mootha, 2015; Patron et al., 2014). These proteins interact with the pore-forming subunit of the
MCU and its paralogue MCUb to form the uniporter holocomplex or uniplex (Kamer and
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Mootha, 2015; Patron et al., 2014). Specifically, the MICU1 and MICU2 sense Ca
concentrations in the IMS and allow or prevent its entry at high or low loads, respectively
(Kamer and Mootha, 2015; Patron et al., 2014). This uniporter is blocked by RR and Ru360 and
therefore these chemicals have been used extensively in studying the role of MCU in
mitochondrial cation uptake (Brookes et al., 2004; Clapham 2007).

In mitochondria Ca has important physiological roles including stimulation of adenosine
triphosphate (ATP) synthesis via activation of Ca2+-sensitive pyruvate-, α-ketoglutarate-,
isocitrate dehydrogenases, ATP synthase and adenine nucleotide translocase (ANT) (Brookes et
al., 2004; Clapham 2007). Other mitochondrial functions of Ca include activation of Nacetylglutamine synthetase that generates N-acetylglutamine, an important contributor to the urea
cycle (Brookes et al., 2004). These vital mitochondrial functions that are regulated by Ca are
disrupted by excess Zn concentrations (McCord and Aizenman, 2013). Therefore, the toxic
effects of metals such as Zn on organismal health and the interaction with Ca, can be attributed,
at least in part, to the impairment of the cellular energy homeostasis (Couture and Rajotte, 2003).

1.4 CELLULAR ENERGY METABOLISM
Cellular energy metabolism involves the conversion of external sources of energy into
phosphoanhydride bonds in the universal energy molecule, ATP (Da Poian and Castanho, 2015).
It includes the breakdown of glucose to pyruvate via glycolysis (Lodish et al., 2013). Pyruvate
then enters mitochondria as a substrate for the citric acid cycle (Krebs cycle) and is broken down
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to yield reducing equivalents to the ETS. While the main process of ATP production is the ETS,
both glycolysis and Krebs cycle produce part of the ATP needed by the cell (Lodish et al., 2013).
Overall, the vast majority of cellular ATP is produced in mitochondria via ETS.
1.4.1 Mitochondrion
The mitochondrion is the cellular powerhouse and principal producer and consumer of ATP and
oxygen, respectively. It is estimated that about 98% of the organismal oxygen input is utilized by
mitochondria (Duchen 2004). These organelles provide the energy required for biological
processes and their numbers vary significantly, from hundreds to thousands, according to the cell
type and energetic demand. The mitochondrion has two membranes, the outer mitochondrial
membrane (OMM) and IMM. The IMM is characterized by several involutions called cristae that
increase its surface area. The space between the OMM and IMM is called the intermembrane
space (IMS) and the inner lumen of the mitochondria is the matrix (Fig. 1.4). Because the OMM
possesses many transmembrane channel proteins called porins that are permeable to molecules
up to 5,000 daltons (Da) in size, the IMM constitutes the main barrier to the passage of
molecules to and from the matrix (Lodish et al., 2013). The energetic roles of mitochondria
include the transfer of the end product of glycolysis, pyruvate, to the Krebs cycle where it is
converted to acetyl CoA. Subsequent oxidation of acetyl CoA yields the two principal reducing
equivalents: nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH2). Fatty acid oxidation follows the same pathway as pyruvate in that fatty acyl CoA is
converted to acetyl CoA which then yields NADH and FADH2 through the Krebs cycle (Lodish
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et al., 2013). NADH and FADH2 are the electron donors to the ETS, the main site of ATP
synthesis (Lodish et al., 2013). The antiporter, ANT, exchanges ATP from mitochondria with the
adenosine diphosphate (ADP) from the cytosol thus providing the cellular components with their
energy requirements and replenishing the matrix with the substrate for ATP synthesis.
1.4.2 Electron transfer system (ETS) and oxidative phosphorylation (OXPHOS)
OXPHOS starts with the delivery of electrons from the reducing equivalents, NADH and FADH2
to the ETS. Specifically, the NADH and FADH2 donate electrons to the CI (NADH: ubiquinone
oxidoreductase) and complex II (CII, succinate: ubiquinone oxidoreductase), respectively
(Cecchini 2003; Lenaz et al., 2006). Electrons pass from CI and CII to complex III (CIII,
CoQH2-cytochrome c reductase) and then to CIV (cytochrome-c oxidase). The process of
electron transfer from CI and CII to CIII is carried by the CoQ/CoQH2 following which
cytochrome c transfers the electrons from CIII to CIV ending with the reduction of molecular
oxygen by two electrons into water (Lodish et al., 2013). The flow of electrons downhill from
one complex to another is associated with loss of electrical potential and release of energy. The
energy generated from the flow of each pair of electrons powers the pumping of protons through
CI (4H+), CIII (4H+) and CIV (2H+) from the matrix to the IMS (Fig. 1.5) (Lodish et al., 2013).
The H+ that are pumped create an electrochemical gradient across the IMM termed the
protonmotive force (pmf). The pmf is the sum of the transmembrane H+ concentration (pH)
gradient (∆pH) and the electrical (voltage) potential that are created by the substrate oxidation
subsystem (Krebs cycle + ETS + metabolite transport) (Kurochkin et al., 2011). Importantly, the
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electrical potential (membrane potential: ∆Ψmt) constitutes the major portion of the pmf, -160
mV compared with the force generated by the pH gradient that is only ~-60 mV. This pmf is the
driving force for the ATP synthase which converts ADP and inorganic phosphorus (P i) to ATP
(Mitchell 1961). The ATP synthase is also termed F0F1 complex because it is composed of two
sub-complexes F0 and F1 (Lodish et al., 2013). Protons move through the ATP synthase down
their concentration gradient from IMS to the matrix forcing the F0 mobile sub-complex to rotate
resulting in conformational changes in the F1 stationary sub-complex. These conformational
changes in the F1 are needed for the process of converting ADP and Pi to ATP (Lodish et al.,
2013). This process of coupling electron transfer with proton pumping to create the gradient that
powers ATP synthesis was first described in the chemisosmotic hypothesis of OXPHOS
(Mitchell 1961).
Although oxygen is consumed through the reduction of molecular oxygen by paired electrons
into water, some oxygen molecules are partially reduced by unpaired electrons resulting in the
generation of ROS (Duchen 2004). As a result, mitochondria are considered one of the major
sources of ROS in cells. While reports estimate that 0.25-11% of oxygen utilized by
mitochondria is converted into ROS (Zorov et al., 2014), these values were found to be more
than an order of magnitude higher than realistic levels (0.01-0.03%) of ROS produced under
conditions mimicking physiological states (Brand 2016). This is due to the fact that the amount
of ROS depends on where the ETS is inhibited which consequently determines the degree of
upstream reduction of the electron carriers (Brand 2016).
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Figure 1.4. Diagram showing the structure of mitochondrion.
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Figure 1.5. Diagram showing the electrons (e-) and protons (H+) transport by the components of the
mitochondrial ETS. The dark thick blue arrows indicate H+ pumping through CI, CIII and CIV to
create a protonmotive force (pmf). The red arrows indicate electron transfer throughout the ETS. The
ATP synthase utilizes the pmf to generate ATP.
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While, ROS production has been proposed to depend mainly on ∆Ψmt (Suski et al., 2012a; Zorov
et al., 2014), a different perspective has been proposed recently for the mechanisms of ROS
regulation (Brand 2016).
1.4.3 Mitochondrial membrane potential (∆Ψmt)
While the ∆Ψmt constitutes the major part of the pmf used for ATP synthesis, it has other
important roles including Ca uptake, ROS release and cell viability (Brand 2016; Perry et al.,
2011; Zorov et al., 2014). The pmf is mainly consumed by the phosphorylation subsystem during
ATP synthesis or the proton leak subsystem that is not coupled with ATP synthesis (uncoupled
respiration) (Kurochkin et al., 2011; Nicholls and Ferguson, 2013). Although uncoupling
negatively impacts ATP production, several uncoupling proteins (UCPs) have been shown to
play important physiological roles (Busiello et al., 2015). For example, UCP1 dissipates pmf in
the form of heat in the brown adipose tissue in order to protect small mammals against
hypothermia in cold (Duchen 2004; Kissig et al., 2016). Notably, UCP2 and 3 have been
reported to reduce accumulation of excess Ca and ROS and play roles in body weight regulation
and appetite (Busiello et al., 2015; Duchen 2004). Interestingly, because uncoupling involves
pmf leakage without ATP production, pharmacological uncouplers such as dinitrophenol (DNP)
have been marketed as weight loss agents (Grundlingh et al., 2011). Other uncouplers such as
carbonyl cyanide p-(trifluoromethoxy)-phenylhydrazon (FCCP) are used in vitro to collapse the
pmf and measure the maximum respiratory capacity (Gnaiger et al., 1998).
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1.4.3.1 Measurement of ∆Ψmt
The lipophilic cation tetraphenyl phosphonium (TPP+) has been used for decades to measure
∆Ψmt. This involves using a semipermeable membrane and an ion sensitive electrode (ISE) to
detect changes in TPP+ concentration following the build-up or collapse of ∆Ψmt (Duchen 2004;
Kamo et al., 1979). Additionally, fluorescent techniques such as spectrofluorimetry, flow
cytometry and confocal microscopy measure the ∆Ψmt dependent distribution of fluorescent dyes
across the IMM. Examples of these dyes include rhodamine 123 (Rh123), tetramethyl rhodamine
ethyl and methyl esters (TMRE and TMRM, respectively) and 5,5',6,6'-tetrachloro-1,1',3,3'tetraethylbenzamidazolocarbocyanine (JC-1) (Duchen 2004). These dyes accumulate in the
mitochondria according to the Nernst equation; polarized mitochondria (high ∆Ψmt) accumulate
more dye than depolarized mitochondria (low ∆Ψmt) (Perry et al., 2011). It is advisable to use
pharmacological modulators such as oligomycin that inhibit ATP synthase to hyperpolarize the
mitochondria, and FCCP or DNP to collapse ∆Ψmt for experimental validation and to confirm the
release of the dye from mitochondria following depolarization (Perry et al., 2011).
1.4.4 Mitochondrial ROS
ROS include several free radicals of oxygen such as superoxide anion radical (O2·‾), hydroxyl
radical (·OH), nitric oxide (NO), peroxynitrite, lipid hydroperoxides (LOOH), alkoxyl radical
(RO·), peroxyl radical (·OOH), nitrogen-centered radical, sulfate radical (SO4·‾) and metaloxygen complexes and all can oxidize cellular components. Non-radical oxidants include
hydrogen peroxide (H2O2) and singlet oxygen (1O2) (Zorov et al., 2014). Mitochondria are
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considered the major source of ROS in most cells with the primary ROS produced in
mitochondria being O2·‾ and/or H2O2 (Brand 2016). The O2·‾ then undergoes fast spontaneous or
enzymatic dismutation into H2O2. ROS emission is defined as the net ROS released after the
scavenging process (emission = production - scavenging). Generally, ROS emission varies
between animal species, respiratory states and sites of ETS inhibition (Brand 2016; Zorov et al.,
2014). Interestingly, mitochondria are not only major sources of cellular ROS but are
concurrently considered as ROS sinks due to their ability to consume ROS (Andreyev et al.,
2015).
ROS are vital for several physiological processes such as cellular proliferation, differentiation,
immune response, activation of mitochondrial fission and autophagy (Zorov et al., 2014).
Normally, ROS are scavenged by the antioxidant system to regulate the ROS emission, but an
imbalance between production and scavenging in favor of the former results in the accumulation
of ROS above physiological levels and oxidative stress. Excess ROS (oxidative stress) has been
associated with many pathological conditions in humans including neurodegenerative disease,
malignant transformation, diabetes mellitus, rheumatoid arthritis, aging and cell death (Zorov et
al., 2014). In contrast, an excessively reduced antioxidant system can result in reductive stress
(Zorov et al., 2014). Paradoxically, an outcome of reductive stress is electron leakage to
molecular oxygen to form ROS (Korge et al., 2015). Notably, reductive stress has been found to
have detrimental effects on cell viability and mitochondrial function (Zhang et al., 2012).
Clearly, cellular ROS levels have to be tightly regulated in order to safely harness their beneficial
effects.
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1.4.4.1 Sources of mitochondrial ROS
ROS are produced by multiple sites in the mitochondria of which 11 are defined: OF (2oxoglutarate dehydrogenase complex), PF (pyruvate dehydrogenase complex), BF (branchedchain 2-oxoacid dehydrogenase complex), AF (2-oxoadipate dehydrogenase complex), IF (flavincontaining site of CI), IQ (quinone-binding site of CI), IIIQo (Q-binding site of CIII), IIF (CII), GQ
(mitochondrial glycerol-3-phosphate dehydrogenase), EF (Q oxidoreductase system ) and DQ
(dihydroorotate dehydrogenase) (Fig. 1.6) (Brand 2016). Under physiological conditions during
which CI is reduced by NADH, the possibility of the reverse movement of electrons from CII to
CI is substantially attenuated (Brand 2016; Zorov et al., 2014). It is worthy of note that in vitro
and in vivo models show that mitochondria energized only with CII substrates (no CI substrates)
showed significant ROS emission via reverse electrons transfer (RET) from CII to CI (Scialò et
al., 2016; Selivanov et al., 2011; Zorov et al., 2014).
The mitochondrial CI occurs in two forms, the catalytically active (A) and dormant de-active (D)
forms that are conformationally distinct from each other (Babot et al., 2014). The D-form of CI
does not support RET and is considered as a protective form against excess ROS emission
(Babot et al., 2014). CIII is another key in vitro source of ROS but its role in ROS emission
under physiological conditions remains unclear (Andreyev et al., 2015). Alterations of CIII
function such as pharmacological inhibition by antimycin A (AMA) or pathological defects (e.g.,
CIII cytochrome b deficiency) cause upstream reduction and presence of unstable semiquinone
(Q¯˙) that results in the emission of remarkable amounts of ROS (Brand 2016; Zorov et al.,
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2014). An increase in ∆Ψmt results in reduction of upstream electron carriers and enhances
leakage of electrons and ROS formation (Brand 2016). Because of this increase in ROS
formation associated with an over-reduced mitochondrial environment, understanding the
relationship between ∆Ψmt and ROS is crucial in revealing the conditions that favor/suppress
ROS emission (Zorov et al., 2014). The most popular proposed relationship between ∆Ψmt and
ROS is the positive correlation (Zorov et al., 2014) due to the fact that ROS production was
reduced by 90% following an 18% decrease in ∆Ψmt (Korshunov et al., 1997). Because UCPs
cause mild uncoupling, they can be protective against oxidative stress by suppressing ROS
production. In contrast, Votyakova and Reynolds (2001) reported that ROS production can be
independent of ∆Ψmt and others (Wang et al., 2008) showed a negative correlation between ROS
and ∆Ψmt. This negative correlation was reported under conditions of superoxide flashes
(mitoflashes) and mitochondrial permeability transition pore opening (mPTP) (Wang et al.,
2008). Mitoflashes are transient ROS bursts that have been observed in individual mitochondria
undergoing transient depolarization and last 10-20 sec. These flashes have been proposed to be a
biomarker of oxidative stress related diseases and to have signaling roles in mitochondrial
function (Hou et al., 2014; Wang et al., 2008). Recently, it was reported that these flashes are not
ROS bursts but pH flashes (Rosselin et al., 2017; Schwarzlander et al., 2014). Importantly, ROS
has been found to be a prime inducer of mPTP opening which results in the collapse of ∆Ψmt
(Ichas et al., 1997; Zorov et al., 2014). Moreover, the opening of mPTP results in further ROS
stimulation and this phenomenon is termed ROS induced ROS release (RIRR).
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Figure 1.6. Diagram showing the mitochondrial sources of ROS production. Violet circles indicate the
sites of ROS production. NAD linked dehydrogenases such as 2-oxoglutarate dehydrogenase complex
(OGDHC) and pyruvate (PDHC), branched-chain2-oxoacids (BCOADHC) and 2-oxoadipate (OADHC)
supply electrons to the NADH/NAD+ pool. Electrons then flow from NADH to flavin-containing site of CI
then move through the quinone-binding site to QH2/Q pool, and are passed to outer Q-binding site of CIII.
CII, mitochondrial glycerol-3 phosphate dehydrogenase (mGPDH), the electron-transferring flavoprotein
(ETF):Q oxidoreductase system (QOR) and dihydroorotate dehydrogenase (DHODH) all transfer electrons
to CIII through the QH2/Q pool. Electrons are then passed from CIII to CIV through cytochrome c and are
finally used in the reduction of oxygen into water. Modified from Brand (2016).
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1.4.4.2 ROS induced ROS release (RIRR)
Excess ROS emission causes oxidative stress which is thought to be the main inducer of mPTP
opening. This initial increase in ROS prior to mPTP opening is termed trigger ROS (Zorov et al.,
2014). This is followed by a second phase that coincides with the opening of the mPTP, ∆Ψmt
collapse and amplification of ROS emission. Collectively, this biphasic response is termed
RIRR. Additionally, a burst in NO production has been observed with mPTP opening and is
termed ROS induced RNS (reactive nitrogen species) release (Zorov et al., 2014). Therefore,
RIRR constitutes a negative correlation between ROS and ∆Ψmt and fuels controversy regarding
the nature of the relationship between these two parameters (Brand 2016; Zorov et al., 2014).
1.4.4.3 Measurement of mitochondrial ROS (mROS)
Several methods have been developed to detect mROS either by irreversible oxidation of a nonfluorescent probe to a fluorescent product or by using reversible probes that revert to the nonfluorescent state when the amount of ROS decreases. However, many of these probes have been
found to be non-specific because they are oxidized by different types of ROS and are sensitive to
other factors including pH changes, light and others (Rhee et al., 2010). Therefore, selecting the
optimum indicator with the least artifacts is important to reduce errors in ROS measurements.
One

of

the

most

common

fluorescent

dyes

for

ROS

measurement

is

2',7'-

Dichlorodihydrofluorescein (DCFH), a colorless, non-fluorescent and cell impermeable probe.
Once oxidized by ROS, its fluorescence can be detected at excitation/emission 488/530 nm. The
diacetate ester (DCFH-DA) is its cell permeable form that enables intra-cellular and
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mitochondrial ROS detection (Rhee et al., 2010). A chloromethyl derivative of DCFH-DA (CMDCFH-DA) has been developed and provides an additional advantage of better cellular retention
of the oxidized fluorescent product (Rhee et al., 2010). Although this dye is user friendly and
sensitive to redox changes, it has been found to be vulnerable to photooxidation, photobleaching,
and non-specifically reacts with different oxidants such as hydroxyl radicals, peroxynitrite, nitric
oxide, lipid peroxides, and hypochloride (Rhee et al., 2010). An assay that has been found to
overcome the drawbacks of the DCFH probes is the horseradish peroxidase-Amplex red (HRPAR) based fluorometry. AR reacts with H2O2 in 1:1 stoichiometric ratios catalyzed by HRP to
form the colored and highly fluorescent compound, resorufin. This assay has been found to be
selective for H2O2, highly sensitive, active at different pH levels and has reduced interference
from autofluorescence in biological systems (Rhee et al., 2010). However, AR has recently been
reported to be converted to resorufin independent of H2O2 or HRP (Miwa et al., 2016) which
may result in over-estimation of H2O2 levels. Lastly, although several genetically encoded probes
have been developed and are becoming popular because they are reversible and organelle
targeted (Rhee et al., 2010), they have been found to be highly sensitive to pH changes and not
as reliable/specific as originally thought (Schwarzlander et al., 2014).
1.4.4.4 Mitochondrial antioxidant system
Mitochondria possess an integrated antioxidant system that is able to detoxify ROS to nonreactive products such as water. The first line of defense against O2·‾, the dominant primary
mitochondrial ROS, is superoxide dismutase (SOD). There are two types of SOD (SOD1 and
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SOD2) and they are responsible for converting O2·‾ to H2O2. SOD1 (CuZn-SOD) is located in
the IMS and detoxifies ROS produced outside the IMM. SOD2 (MnSOD) is located in the matrix
and converts intra-mitochondrial O2·‾ to H2O2 (Andreyev et al., 2015). The next step in O2·‾
detoxification involves the reduction of H2O2 into water. This is performed by several
antioxidant components including catalase, thioredoxin (Trx), peroxiredoxins (Prx), glutathione
(GSH) and glutaredoxins (Andreyev et al., 2015). GSH, peroxiredoxins and thioredoxin get
oxidized during the oxidation-reduction reactions with H2O2 and are restored to their reduced
states by NADPH, which is in turn oxidized to NADP+ (Leung et al., 2015; Murphy 2009). An
integral pmf-driven inner mitochondrial membrane protein, NNT, restores oxidized matrix
NADP+ to its reduced state (NADPH) via hydride transfer with NADH (Leung et al., 2015).
The relative contribution of the components of the antioxidant system to the reduction of H2O2 to
water is controversial and varies between different organs (Andreyev et al., 2015). It has been
suggested that despite the pervasive role of catalase in liver mitochondria H2O2 metabolism, its
contribution in the heart and brain mitochondria is limited (Andreyev et al., 2015). Moreover,
between GSH, TRX and Prx, the later has been proposed to be the principal scavenger of H 2O2
in the majority of murine tissues (Andreyev et al., 2015; Cox et al., 2009).

1.4.5 Mitochondrial volume
Mitochondrial volume control is a housekeeping function that is critical for preserving
mitochondrial structural and functional integrity (Kaasik et al., 2007). The main regulator of
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mitochondrial volume is the osmotic pressure and water movement between matrix and cytosol
(Nowikovsky et al., 2009). Potassium (K+), at a concentration of ~150 mM, is the main
intracellular cation and its movement is considered the principal driver of water movement
across the IMM. K+ balance is regulated by the ATP-dependent (KATP) and Ca2+-dependent (KCa)
K+ channels, and K+/H+ exchanger (Kaasik et al., 2007). Moreover, the permanent opening of
mPTP results in uncontrolled influx of K+ into the matrix that drives water uptake and further
induces mitochondrial swelling (Martinou et al., 2000). Although the K+/H+ exchanger is the
mechanism that mitochondria use to reduce intra-mitochondrial K+ levels, it is pmf dependent
and consequently in a non-functional state during mPTP opening. There are water channels,
aquaporins (AQP), across the IMM through which the water flux happen (Kaasik et al., 2007).
These channels are permeable to water but impermeable to anions or protons and therefore do
not compromise the ∆Ψmt (Kaasik et al., 2007). Interestingly, AQP facilitate the diffusion of
H2O2 and play a role in redox signaling (Bienert and Chaumont, 2014). Importantly,
mitochondrial volume regulation has been found to modulate cellular function. For example,
increased ETS activity and ATP production are associated with increased matrix volume (Kaasik
et al., 2007; Vander Heiden et al., 1997). Moreover, an increase in mitochondrial volume was
reported to play a regulatory role in mitochondrial trafficking in neurons (Kaasik et al., 2007). It
is worth noting that an increased matrix volume does not necessitate an increase in mitochondrial
volume or disruption of the integrity of the organelles. This is because water influx into the
matrix reduces the size of cristae, increases matrix volume and collapses the IMS without
disrupting the integrity of mitochondrial membranes. However, massive water influx results in
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excessive volume increase, disruption of mitochondrial structural integrity and membrane
rupture that initiates the cell death cascade (Martinou et al., 2000). Furthermore, matrix volume
changes have been associated with different patterns of ROS emission, suggesting a role of
mitochondrial volume in ROS regulation (Kaasik et al., 2007). Lastly, mitochondrial volume
varies with energetic state from shrunk condensed in low energy state (low ATP:ADP ratio such
as during state 3) to orthodox with well-defined cristae in the high energy state (high ATP:ADP
ratio such as during state 4) (Hackenbrock 1968; Packer 1960).
As introduced earlier, the deleterious effects of Zn and their modulation by Ca can be attributed
to impaired mitochondrial function. Therefore, the current knowledge of effects of Zn and Ca on
mitochondrial function will be discussed.
1.5 MITOCHONDRIA AS TARGETS OF Zn TOXICITY
Most cells maintain mitochondrial Zn at lower concentration than that of cytosol. However, in
some cells such as β cell-rich islet, mitochondria contain 32% of the cellular Zn (Ye et al., 2001)
suggesting the presence of mechanisms to maintain this concentration gradient (Ye et al., 2001).
Excess levels of Zn were shown to inhibit OXPHOS and ETS (Hunter and Ford, 1955;
Skulachev et al., 1967). These early reports stimulated more studies on the effects of Zn on
mitochondrial bioenergetics (Brown et al., 2000; Craddock et al., 2012; Dineley et al., 2005;
Gazaryan et al., 2007; Jiang et al., 2001). Specifically, Zn inhibits the activity of CI leading to
impairment of proton pumping to the IMS (Sharpley and Hirst, 2006). While Zn has been shown
to induce mitochondrial swelling (Jiang et al., 2001; Kambe and Fukada, 2014), other studies did
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not report any swelling associated with Zn (Devinney et al., 2009; Dineley et al., 2003; Sharaf et
al., 2015). Furthermore, enhanced ROS production and oxidative stress following Zn exposure
have been reported (Dineley et al., 2003; Kambe and Fukada, 2014; Sharaf et al., 2015; Sharaf et
al., 2017a). The mechanism of the Zn-induced oxidative stress has been explained by its
impairment of the ETS (Dineley et al., 2003; Kambe and Fukada, 2014). In cells, it has been
shown that other sites of ROS release such as cytosolic NADPH oxidase are stimulated by Zn
(Noh and Koh, 2000). Importantly, the effects of Zn on ROS are not limited to enhancing its
release from different sites but also include the suppression of the antioxidant enzymes such as
GR and thioredoxin reductase (Gazaryan et al., 2007; Trevisan et al., 2014b).
1.6 MITOCHONDRIA AS TARGETS OF Ca TOXICITY
Ca overload is reportedly associated with multiple bioenergetic impairments that can lead to cell
death (Brookes et al., 2004; Clapham 2007). It is well established that Ca stimulates NO˙
production by activating nitric oxide synthase (NOS). The NO˙ then inhibits CIV and together
with excess Ca can inhibit CI as well resulting in an increase in ROS release. Moreover, Ca
induced mPTP opening is associated with excess Ca loads and results in cytochrome c release to
the cytosol and activation of the apoptosis cascade (Martinou et al., 2000). Although cytochrome
c loss during mPTP imposes mitochondrial oxidative stress (due to ETS impairment), it has been
hypothesized that its release can scavenge excess cytosolic ROS that lead to mPTP opening
(Brookes et al., 2004). Importantly, the dissipation of ∆Ψmt that is associated with mPTP opening
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can have a protective effect through reducing further Ca uptake through the ∆Ψmt-dependent
MCU.
1.6.1 Mitochondrial permeability transition pore (mPTP)
The mitochondrial permeability transition (mPT) is defined as an increase in the IMM
permeability due to the opening of the mPTP. This increase in permeability depends on the
number of pores that are open and the duration of their opening (Bernardi et al., 2015; Ichas et
al., 1997). While inducers like thiol oxidants result in mPTP opening, other factors such as acidic
matrix pH, Mg2+ and adenine nucleotides inhibit its opening (Bernardi et al., 2015). The structure
of the mPTP has been controversial with many candidates proteins proposed to contribute to its
formation. For example, ANT, which is an abundant IMM protein, has been found to be bound to
cyclophyllin D (CyPD), a component of the mPTP (Bernardi et al., 2015). Another candidate
protein is the voltage-dependent anion channels VDAC that has been reported to represent the
OMM part of the mPTP (Bernardi et al., 2015). More recently, the F-ATP synthase, specifically
the F0 subunit, has been shown to be involved in the mPTP formation (Alavian et al., 2014;
Bernardi et al., 2015).
The duration of the opening of mPTP varies between physiological and pathological states.
mPTP can open momentarily (low conductance) or permanently (high conductance) (Ichas et al.,
1997). The low conductance mode mPTP opening has been shown to have a protective effect
against excess Ca by releasing Ca from the mitochondria (Ichas et al., 1997). Moreover,
asynchronous cycles of reversible depolarization-repolarization were associated with increased
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permeability and mPTP opening (Bernardi et al., 2015). In contrast, permanent opening of the
mPTP results in ∆Ψmt collapse and cytochrome c release that is considered a hallmark of
induction of apoptosis (Martinou et al., 2000). There has been controversy whether ROS that is
associated with excess Ca is the cause or consequence of mPTP (Bernardi et al., 2015; Sharaf et
al., 2017b; Zorov et al., 2014). Regardless, permanent mPTP opening results in several events
such as loss of GSH, cytochrome c and other solutes that eventually boost ROS release ending
with cell death (Bernardi et al., 2015).

1.7 INTERACTION OF Zn AND Ca AT THE MITOCHONDRIAL LEVEL
The interactions between Zn and Ca are not only confined to the organismal level (Alsop and
Wood, 1999; Barron and Albeke, 2000), but mitochondria have been shown to be key sites of
interaction of the two cations (Dineley et al., 2008; Jiang et al., 2001; McCord and Aizenman,
2013). The overarching basis for this interaction is that similar to Ca, Zn has been suggested to
use the MCU to enter mitochondrial matrix (Jiang et al., 2001). Despite the fact that crosstalk
between Zn and Ca has been reported in several cytopathological conditions in mammals
(McCord and Aizenman, 2013; Sensi et al., 2009), their interaction on fish mitochondria remains
largely unstudied.
1.8 HYPOTHESIS AND OBJECTIVES
I have introduced the stressor of interest, Zn, for my thesis and how its interaction with Ca
impairs fish health as well as cellular energy homeostasis. Importantly, despite reports that Zn
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and Ca affect cellular energy homeostasis in mammals, the knowledge about their effects on fish
bioenergetics is scarce. Therefore, the overall objective of my thesis is to investigate the
individual and interactive effects of Zn and Ca on fish mitochondrial bioenergetics and elucidate
the mechanisms underlying these effects. I hypothesized that Zn and Ca act competitively to
impair mitochondrial bioenergetics. I tested this hypothesis with the following objectives:
1)

Investigate the individual and interactive effects of Zn and Ca on fish mitochondrial
bioenergetics. This included probing how responses on different mitochondrial endpoints
might vary according to concentrations of the two cations in individual or combined
exposures.

2)

Test whether Zn and Ca uptake through the MCU is a pre-requisite for their effects on
mitochondria.

3)

Unveil the mechanisms through which Ca and Zn induce mitochondrial permeability
transition pore opening. Here I investigated the changes in mitochondrial morphology,
membrane permeability and functional integrity imposed by Zn and/or Ca exposure.

4)

Elucidate the mechanisms underlying the changes in the relationship between ROS,
respiration and ∆Ψmt in fish mitochondria. This entailed the development of novel
universally applicable methods for multi-parametric assessment of mitochondrial function.
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CHAPTER 2

ZINC AND CALCIUM MODULATE MITOCHONDRIAL REDOX STATE AND
MORPHOFUNCTIONAL INTEGRITY

A version of this Chapter has been published as:
Sharaf, M.S., van den Heuvel, M.R., Stevens, D., Kamunde, C., 2015. Zinc and calcium
modulate mitochondrial redox state and morphofunctional integrity. Free Radical Biology and
Medicine. 84, 142-153.
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2.1 ABSTRACT
Zn and Ca have highly interwoven functions that are essential for cellular homeostasis. Here I
first present a novel real-time flow cytometric technique to measure mitochondrial redox state
and show it is modulated by Zn and Ca, individually and combined. I then assessed the
interactions of Zn and Ca on mitochondrial H2O2 production, ∆Ψmt, morphological status,
OXPHOS, CI activity and structural integrity. While Zn at low concentrations and both cations at
high concentrations individually and combined promoted H2O2 production, the two cations
individually did not alter mitochondrial redox state. However, when combined at low and high
concentrations the two cations synergistically suppressed and promoted mitochondrial shift to a
more oxidized state, respectively. Surprisingly, the anti-oxidants vitamin E and N-acetylcysteine
showed pro-oxidant activity at low concentrations whereas at high antioxidant concentrations
NAC inhibited OXPHOS and dyscoupled mitochondria. Individually, Zn was more potent than
Ca in inhibiting OXPHOS while Ca more potently dissipated the ∆Ψmt and altered mitochondrial
volume and ultrastructure. The two cations synergistically inhibited OXPHOS but
antagonistically dissipated ∆Ψmt and altered mitochondrial volume and morphology. Overall, my
study highlights the importance of Zn and Ca in mitochondrial redox regulation and functional
integrity. Importantly, I uncovered previously unrecognized bidirectional interactions of Zn and
Ca that reveal distinctive foci for modulating mitochondrial function in normal and disease states
because they are potentially protective or damaging depending on conditions.
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2.2 INTRODUCTION
Mitochondria are core cellular organelles with a broad spectrum of functions. The bulk of
cellular ATP production, arguably the fundamental mitochondrial function, occurs by OXPHOS
wherein electron transport by enzyme complexes located on the IMM is coupled with proton
pumping from the matrix to the inter-membranous space (IMS) creating a proton motive force
(pmf), with ∆Ψmt as its dominant component, that drives ATP synthesis (Mitchell 1961). Because
∆p interconnects the mitochondrial energy forms and subsystems, alterations in this force
markedly influence mitochondrial function. Importantly, leakage of electrons during OXPHOS
causes, depending on the animal species and rate of respiration, the conversion of 0.25-11% of
the oxygen utilized to superoxide anion radical and ultimately H2O2 (Zorov et al., 2014). These
molecules and several others, collectively known as ROS, historically have been viewed as
harmful (Zorov et al., 2014) but their role in normal physiology including redox regulation and
signaling, nutrient sensing and cell differentiation (Zorov et al., 2014) is also indispensable.
While a plethora of factors can modulate mitochondrial bioenergetics and redox state, recent
research suggests that the global mitochondrial function is inextricably linked with Zn and Ca
homeostasis (McCord and Aizenman, 2013).
Zn, an essential trace metal, is present in all cells and has a multitude of cellular functions (Maret
2013). Its intracellular concentration is 0.1 to 5 mM, the majority of which is bound, leaving only
a minor tightly regulated pool (10-9-10-15 M) as free Zn ions (Guan et al., 2003). A substantial
portion of intracellular total Zn, up to 32% in pancreatic islets’ beta cells, is located in the
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mitochondria (Andersson et al., 1980) and exposure of biological systems to elevated Zn levels
increases the sequestration of this metal in the mitochondria (Sappal and Kamunde, 2009; Sensi
et al., 2000; Yamaguchi et al., 1981). When in excess of biological requirement, Zn in
mitochondria disrupts major enzyme systems therein culminating in inhibition of OXPHOS and
tricarboxylic acid cycle (TCA) and oxidative stress (Gazaryan et al., 2007).
Ca is a key second messenger (Clapham 2007) which, similar to Zn, is extensively bound by
intracellular ligands with its free cytosolic concentrations being tightly regulated at low nM
concentrations (Clapham 2007). The dysregulation (elevation) of intracellular Ca causes
excessive uptake of the cation by the mitochondria impairing their function (Brookes et al.,
2004). Normally, mild Ca influx from cytosol into the mitochondrial matrix causes transient
depolarization that is corrected by pumping out protons. In contrast, excessive Ca influx
increases ROS generation (Brookes et al., 2004) and induces marked mitochondrial
depolarization that is associated with opening of the permeability transition pore (PTP), a nonspecific mega-channel permeable to molecules less than 1.5 kDa (Baumgartner et al., 2009). This
channel not only dissipates ∆p and facilitates the release of matrix and IMS proteins but also
allows solutes and water to enter into the mitochondrial matrix resulting in swelling (Martinou et
al., 2000). Although Zn has been intrinsically linked with Ca in many cytopathological
conditions (Devinney et al., 2009; McCord and Aizenman, 2013; Medvedeva et al., 2009; Sensi
et al., 2009) it is not unambiguously known how Zn-Ca crosstalk modulates mitochondrial redox
state and functional integrity.
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Considering the multiplicity of essential and potentially deleterious actions of Zn and Ca, and
their inextricable link with the mitochondria, I argue that the mechanisms of their interaction are
uniquely dictated by their concentrations and mitochondrial target sites. Because it has been
suggested that Zn gains entry into these organelles in part through the mitochondrial Ca uniporter
(MCU) (Jiang et al., 2001; Sensi et al., 2009), I hypothesized that these cations interact
competitively at the mitochondrial level. Here, I assessed the effects of Zn and Ca in isolated
mitochondria and report previously unrecognized bimodal interactions between the two cations
that provide distinctive prospects for modulating mitochondrial function in normal and disease
states.
2.3 METHODS
2.3.1 Chemicals and reagents
The potential-sensitive lipophilic cationic dye, JC-1, was obtained from Biotium, Inc.,
California, USA; 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA), AR and HRP were
from Molecular Probes, Inc., Oregon, USA; Zn and Ca (as ZnSO4.7H2O and CaCl2.2H2O,
respectively), N-acetylcysteine (NAC), (±)α-tocopherol (vitamin E) and cyclosporin A (CsA)
were from Sigma-Aldrich, Oakville, ON. Chemicals used for TEM were glutaraldehyde, osmium
tetroxide and Epon resins from SPI West Chester, PA, USA. Chemicals used for preparation of
mitochondrial isolation and respiration buffers were sucrose, KH2PO4, KCl, EGTA, BSA,
aprotinin, L-malic acid, L-glutamic acid, ADP from Sigma-Aldrich, Oakville, ON. Tris-HCl was
from EMD Chemicals Inc, Gibbstown, NJ, USA.
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2.3.2 MITOCHONDRIAL ISOLATION
The experimental procedures used were approved by the University of Prince Edward Animal
Care Committee in accordance with the Canadian Council on Animal Care. Female rainbow
trout (Oncorhynchus mykiss; 150 ± 20 g) were obtained from Ocean Trout Farms Inc.,
Brookvale, PE, and kept at the Aquatic Facility of Atlantic Veterinary College in a 400-L tank
supplied with flow through well-water at 11 ± 1oC. Fish were fed 1% of their body weight with
commercial trout chow pellets (Corey Feed Mills, Fredericton, NB). I employed isolated
mitochondria that constitute a widely used model for studying cellular bioenergetics (Than et al.,
2014). Livers of rainbow trout (Oncorhynchus mykiss; 190 ± 20 g) were the source of the
mitochondria used in the experiments. I used our standard method (Adiele et al., 2010) to isolate
the mitochondria following which they were re-suspended in respiration buffer (RB: 10 mM
Tris-HCl, 25 mM KH2PO4, 100 mM KCl, 1 mg/ml fatty acid free BSA, 2 µg/ml aprotinin, pH
7.3). The protein concentrations of the mitochondrial suspensions were measured by the method
of Bradford (Bradford 1976) with BSA as the standard. Given the high levels of inorganic
phosphate and BSA in the RB and their demonstrated high affinity to complex metals (Masuoka
and Saltman, 1994; Rumschik et al., 2009), Zn and Ca total concentrations ranging from 5 to 100
µM individually and combined (e.g., 100 µM = 100 µM Zn + 100 µM Ca) and similar to those
used by others (Devinney et al., 2009), were selected to compensate for reduced free ion
activities. Notably, a study (Rumschik et al., 2009) that carried out Zn speciation in buffer that
had much lower levels of inorganic phosphate than those used in my study and did not contain
BSA found that the free Zn concentration following addition of 100 µM total Zn was <10 µM. In
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my study, the lowest concentrations of both cations used stimulated mitochondrial respiration
and improved coupling (see results) suggesting that they were within the physiological range.
Importantly, intracellular free Zn (Zn2+) and Ca2+ concentrations of up to 10-5 and 10-4 M,
respectively, have been observed in intracellular signaling microdomains (Frederickson 2003;
Llinás et al., 1992).
2.3.3 Flow cytometry
I adopted and developed novel real-time flow cytometry methods to measure redox state, ∆Ψmt
and morphological status using a four-colour FACSCalibur flow cytometer equipped with 488
nm and 635 nm lasers (Becton Dickinson, San Jose, CA). All of the flow cytometric
measurements were done at room temperature (21 oC). To the best of my knowledge my study is
the first to describe real-time flow cytometric measurement of mitochondrial redox state.
2.3.4 Real time mitochondrial redox state measurement
The redox sensitive fluorescence probe, 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA)
(Ng et al., 2014; Šalipur et al., 2014), was used to monitor changes in mitochondrial redox state
over time. Mitochondrial protein (38 µg) was added to 2 ml RB containing 5 mM malate and 5
mM glutamate in 4-ml flow cytometer tubes. The forward scatter (FSC) was adjusted to E-01
setting with a logarithmic amplification gain of 1.98 and the side scatter (SSC) photomultiplier
tube (PMT) was set at 621 mV and logarithmic amplification gain adjusted to 1.00. The FL1
channel (530 nm) was adjusted to 950 mV with compensation as FL1-18.5%FL2. Initially,
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sample flow rate was set to medium (35 μl/min) and the basal mitochondrial fluorescence was
monitored for 100 s and then H2DCFDA dissolved in DMSO was added at a concentration of
183 µM and changes in fluorescence were monitored. Data were collected for 700 s after which
RB (control) and different concentrations (5 and 100 µM) of Zn and Ca individually and in
combination were added. Fluorescence data were collected for an additional 1,200 s for real-time
measurement of redox status. The potential protective effects of the antioxidants, NAC and
vitamin E (Lee et al., 2014), were probed by adding them at different concentrations with the
H2DCFDA in control mitochondria.
For calculation of the percent change in fluorescence, the kinetic data were used to obtain realtime geometric mean of FL-1 (green fluorescence). The real-time data were extracted and four
time points were selected for the calculation of the change in redox state. The first time point was
750 s to record the change in Fl-1 fluorescence following addition of H2DCFDA but before
addition of Zn and/or Ca. The other points were (s) 920 (equivalent to 120 s contact time), 1100
(300 s contact time), 1300 (500 s contact time) and 1800 (1000 s contact time).
2.3.5 Real-time flow cytometric ∆Ψmt measurement
Real-time ∆Ψmt measurements were done using JC-1, a dye known to be a sensitive indicator of
∆Ψmt (Guo-Feng Luo et al., 2014). Mitochondrial protein (19 µg) was added to 2 ml RB
containing 5 mM malate and 5 mM glutamate in 4-ml flow cytometer tubes. Sample flow rate
was set to low (12 μl/min) and basal mitochondrial fluorescence was recorded for 300 s.
Thereafter, JC-1 dissolved in DMSO was added at a concentration of 26 nM and ∆Ψmt was
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measured by recording green fluorescence of JC-1 monomers (excitation 488 nm; emission 530
nm) in FL-1 channel adjusted to logarithmic amplifier mode at 782 mV. JC-1 monomers
accumulate inside the mitochondria according to the Nernst equation forming polymers of
orange fluorescence that were excited at 488 nm and emission collected in the FL-2 channel at
585 nm adjusted to logarithmic amplifier mode at 730 mV (Lecoeur et al., 2004). Both channels
had the FSC adjusted to E-01 setting with a logarithmic amplification gain of 1.98 whereas the
SSC PMT was adjusted to 429 mV with the logarithmic amplification gain set at 1.00.
Compensation was adjusted to FL1-18.5%FL2 and FL2-25.4%FL1 to avoid spectral overlap
(Lecoeur et al., 2004). Fluorescence data were collected for 500 s after which RB (control) and
different concentrations (5, 10, 20, 50 and 100 µM) of Zn and Ca individually or in combination
were added. Note that Zn and Ca were added after JC-1 accumulation in the mitochondria
attained steady state. In addition, carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP),
a mitochondrial protonophore, at a concentration of 0.5 µM (shown by in-house titration to
evoke the highest rate of uncoupled mitochondrial respiration) was used as a positive control to
collapse the ∆Ψmt. Fluorescence data, indicative of changes in ∆Ψmt as a result of Ca and/or Zn
exposure and FCCP addition, were then collected for an additional 800 s.
The raw fluorescence data were analyzed and quantified using Flowjo 7.6.5 (TreeStar Inc.,
Oregon, USA). To calculate % dissipation of ∆Ψmt, the kinetic platform was used to obtain the
real-time geometric means of FL-2 (orange fluorescence). The real-time data were extracted and
two time points were selected for the calculation of the change in ∆Ψmt. The first time point was
700 s when the Fl-2 fluorescence was stable after addition of JC-1 but before addition of cations
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(Zn and/or Ca). The second was 1,400 s when the fluorescence was stable after addition of
cations and was equivalent to 10 min contact time of the cations with mitochondria.
2.3.6 Real time measurement of mitochondrial morphological status
To measure morphological changes, mitochondrial protein (19 µg) was added to 2 ml RB
containing 5 mM malate and 5 mM glutamate in 4-ml flow cytometer tubes. FSC was adjusted to
E-01 setting with a logarithmic amplification gain of 1.98 and SSC PMT set at 621 mV and
linear amplification gain adjusted to 1.00. The FL1 channel was adjusted to 782 mV with
compensation as FL1-18.5%FL2. The sample flow rate was set to low (12 μl/min) and basal
mitochondrial FSC and SSC were recorded for 400 s. Subsequently, RB (control) and different
concentrations (5, 10, 20, 50 and 100 µM) of Zn and Ca individually and in combination were
added. Fluorescence data were collected for an additional 1,000 s to assess changes in
mitochondrial size and granularity. To test if Ca induced PTP opening, CsA (1 µM) was added
prior to the addition of Ca 100 µM and compared with Ca 100 µM alone. The effect of CsA was
not tested with Zn because this cation caused shrinkage rather than swelling.
To calculate the percent change in SSC, the kinetic platform was used to obtain the real-time
geometric means of SSC data. Two time points were selected for calculation of the change in
SSC. The first time point was 360 s before addition of the cations while the second one was
1,300 s when the SSC had stabilized, equivalent to 15 min contact time of mitochondria and
cations.
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2.3.7 Mitochondrial H2O2 production
The AR assay (Rhee et al., 2010) that allows measurement of low concentrations of H2O2 in a
reaction catalyzed by HRP was used. In this microplate assay, mitochondria (1 mg/ml), HRP (1
unit/ml) and AR (20 µM) were added to each well to a final assay volume of 200 µl of RB
containing 5 mM each of glutamate and malate. The plate was incubated in the dark for 30 min
at 20 oC after which the fluorescence was read using a microplate-compatible fluorometer
(Synergy HT, BioTek Instruments, Winooski, VT) every 15 min for 30 min (at 20 oC) and
shaking every minute following excitation at 530 nm and emission at 590 nm. The effects of Zn
and Ca individually and in combination on H2O2 production were assessed with AMA (10 µM),
an inhibitor of CIII, added to enhance H2O2 production. Thereafter, the H2O2 scavenging effect
of vitamin E, an anti-oxidant (Forman et al., 2014), was probed by adding it at different
concentrations in RB containing 1 µM H2O2 or to AMA treated mitochondria. During each run, a
standard curve (0-5 µM H2O2) was generated and used to convert fluorescence measurements to
actual H2O2 concentrations.
2.3.8 Mitochondrial respirometry and CI activity
Mitochondrial respiration was measured at 13 oC using Clark-type electrodes (Qubit systems,
Kingston, ON) according to our standard method (Adiele et al., 2010). The effects of Zn and Ca
individually or in combination on mitochondrial respiration were studied with pre-determined
equimolar concentrations (0, 5, 10, 20, 50 and 100 µM) as ZnSO4•7H2O and CaCl2•2H2O,
respectively. The effect of NAC on mitochondrial respiration was studied using 2 and 60 mM
44

concentrations of NAC (pH adjusted to 7.3 with NaOH). In these experiments, Zn and/or Ca or
NAC were added to the cuvettes during state 3 respiration and their effects were measured after 5
and 10 min of contact with mitochondria for state 3 and 4 respiration rates, respectively.
Following respirometry, mitochondria exposed to 5, 50 and 100 µM Ca and Zn, alone and in
combination, and the controls, were pelleted and CI activity was measured according to our
standard method (Onukwufor et al., 2014).
2.3.9 Transmission electron microscopy (TEM)
Following the respirometry, mitochondria exposed to 50 µM Ca and Zn, alone and in
combination, and the controls, were pelleted and fixed with 3% glutaraldehyde in RB overnight
at 4 oC. The pellets were then washed with 0.1 M phosphate buffer and post-fixed in 1% OsO4
for 2 h at 4 oC. The pellets were dehydrated using a graded series (50-100%) of ethanol,
infiltrated using Epon and propylene oxide (1:1) and embedded in propylene oxide. Thin (80 nm)
sections were obtained using an ultramicrotome (Reichert-Jung Ultracut E, Leica Microsystems,
Richmond Hill, Canada) and stained with uranyl acetate and Sato lead. The sections were viewed
and photographed under a Hitachi TEM (Hitachi BioTEM 7500: Nissei-Sangyo, Rexdale,
Ontario). To measure mitochondrial size, five random fields were blindly examined per
experimental

group

at

20,000×

magnification

and

dimensions

of

15-20

mitochondria/field/experimental group were taken using AMT Image Capture Engine software
(version 600.149) and used to calculate the mean mitochondrial diameter.
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2.3.10 Statistics
Prior to statistical analysis, all the data were tested for normality (Kolmogorov-Smirnov) and
homogeneity of variances (Cochran C) and were log transformed when necessary. General
Linear Model (Minitab 16 Statistical Software, 2010; State College, PA: Minitab, Inc.) was
performed with exposure group (Zn, Ca and Zn plus Ca) and concentration as independent
variables. Pairwise comparisons were done using the Tukey’s method. All tests were two-tailed,
p0.05.
2.4 RESULTS
2.4.1 NAC, vitamin E, Zn and Ca have anti- and pro-oxidant effects depending on the
concentration and endpoint
A novel assay for flow cytometric measurement of mitochondrial redox status in real-time was
developed. This assay measured the oxidation of H2DCFDA to DCF, indicative of a shift to more
oxidized state, as emission of green fluorescence that was monitored in FL-1 channel. To
validate the assay, I first demonstrated that isolated mitochondria alone shift to a more oxidized
redox state over time manifested by real-time increase in green fluorescence (Fig. 2.1A) and that
the anti-oxidant, NAC, mitigated this shift (Fig. 2.1B-G). Interestingly, I observed that NAC had
both anti- and pro-oxidant activity depending on the concentration: low (2 and 5 mM)
concentrations consistently promoted mitochondrial shift to a more oxidized redox state over
time (Fig. 2.1B, C and G) whereas an intermediate concentration (20 mM) initially had no anti-
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oxidant activity but later promoted oxidation (Fig. 2.1D and G). Much higher concentrations of
NAC imposed consistent reduction of oxidation with 40 mM causing persistent, albeit partial,
reduction in oxidation while 60 mM completely abolished oxidation (Fig. 2.1E, F and G). The
lowest (5 mM) and highest (60 mM) concentrations of NAC were then tested on mitochondrial
respiration. While the low concentration (data not shown) had no effect, the high concentration
inhibited maximal respiration by 28% and stimulated basal respiration thereby dyscoupling the
mitochondria (70% reduction in RCR) (Fig. 2.1H and I). Vitamin E was used as an additional
validation for the assay. I found that consistent with the NAC results, low concentrations (1 and
10 µM) of vitamin E caused the mitochondria to shift to a more oxidized state (Fig. 2.1J) while
intermediate concentrations (50 and 100 µM) did not alter the redox status and higher
concentrations (250 and 500 µM) caused the mitochondria to shift to a less oxidized state.
Following validation of the real-time assay of mitochondrial redox status, the effects of Zn and
Ca individually and in combination were tested using the low (5 µM) and high (100 µM)
concentrations. Individually, 5 and 100 µM Zn and Ca had no effect on redox state over time
(Fig. 2.2A-C, E and F). In contrast, 5 µM Zn in combination with Ca consistently resulted in a
small but significant decrease in state of oxidation (Fig. 2.2E) while combined 100 µM Zn and
Ca strongly and time-dependently promoted the shift to a more oxidized state (Fig. 2.2D and F).
For the AR assay, I first demonstrated its linearity, sensitivity and specificity using H2O2
standard curve (Fig. 2.4A) and the concentration-dependent vitamin E scavenging effect (Fig.
2.4B). The effects of Zn and Ca individually and in combination were then tested using the low
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(5 µM) and high (100 µM) concentrations (Fig. 2.3A). The results (Fig. 2.3A) showed that both
low and high concentrations of Zn individually and in combination with Ca promoted
mitochondrial H2O2 production while low Ca individually had no effect. As expected, AMA
enhanced mitochondrial H2O2 production and vitamin E in the range of 1-250 µM significantly
reduced the H2O2 production with 50 µM being the most effective concentration (Fig. 2.3B).
Note that the rates of H2O2 production reported here (Fig. 2.3A and B) are underestimates
because they do not account for the scavenging effect of the mitochondrial antioxidant system
(Aon et al., 2012).
Because the AR assay is an enzymatic reaction in which oxidation of AR to the fluorescent
product resorufin is catalyzed by HRP, I tested for potential effects of Zn and Ca individually
and in combination and AMA on this enzyme by measuring their effects on fluorescence
resulting from basal oxidation of AR in RB without added mitochondria or H2O2 (Fig. 2.4C). I
found that 5 µM Zn individually and in combination with Ca tended to promote the oxidation of
AR whereas 100 µM Zn, and particularly AMA, inhibited AR oxidation.
2.4.2 Interactions of Ca and Zn on ∆Ψmt are antagonistic
Resting mitochondria energized with malate and glutamate exhibited high ∆Ψmt shown by the
marked (>100 fold) surge in orange fluorescence, indicating formation of J-aggregates in the
mitochondrial matrix (Fig. 2.5A, B and C). As expected, the addition of RB (control) had no
effect (Fig. 2.5A) while Zn and Ca (100 µM) individually resulted in a significant dissipation of
the ∆Ψmt with Ca having a greater effect than Zn (Fig. 2.5D and E). Combined Zn and Ca (100
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µM) also caused a significant drop in ∆Ψmt, albeit to a lesser extent than that caused by Ca alone
(Fig. 2.5F). The concentration-response relationship of the Zn- and Ca-induced ∆Ψmt dissipation
(Fig. 2.6) was characterized by maximal drop of 25-28% at concentrations ≥ 20 µM except for
the Ca alone exposure which resulted in a 45% drop relative to the controls for the 100 µM
concentration. Interestingly, the highest Ca concentration (100 M) used was as efficacious as
the uncoupler FCCP in dissipating the ∆Ψmt (Fig. 2.5G). Moreover, the combination of high
concentrations of Zn (100 µM) plus Ca (100 µM) caused a smaller drop in ∆Ψmt compared with
the respective Ca (100 µM) alone exposure (Fig. 2.6).
2.4.3 Zn antagonizes Ca-induced mitochondrial changes in volume and granularity
Assessment of mitochondrial size and granularity by measuring light scatter (FSC: size; SSC:
granularity) showed that Ca alone increased the FSC indicative of swelling (Fig. 2.7A) while Zn
alone decreased it indicating shrinkage (Fig. 2.67). Consistent with these opposing effects,
combined exposure to Zn and Ca evoked less swelling than Ca alone (Fig. 2.7E). The measured
changes in SSC indicate that Ca caused mitochondrial matrix dilution (decreased SSC, Fig. 2.7B)
while Zn induced matrix condensation (increased SSC, Fig. 2.7D) as clearly demonstrated by the
significant (r = -0.74) negative correlation (Fig. 2.9). Moreover, Ca-induced matrix dilution
increased concentration-dependently whereas mitochondrial condensation/shrinkage induced by
Zn alone peaked at 20 µM (Fig. 2.8A). When added in combination, Zn and Ca induced
mitochondrial matrix condensation but to a lesser extent than that caused by Zn alone (Fig. 2.7F
and 2.8A). Thus, the combined exposure showed an antagonistic interaction wherein Zn
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protected against Ca-induced mitochondrial matrix dilution (Fig. 2.8A) as clearly demonstrated
by the reversal of Ca-induced effect by Zn (Fig. 2.8B).
The involvement of PTP opening in Ca-induced swelling was confirmed by the finding that CsA
prevented the drop in SSC caused by Ca (Fig. 2.8C). As shown by TEM, mitochondria in the
control group had orthodox configuration with clearly defined cristae and a space of 9-13 nm
between IMM and OMM (Fig. 2.10A). Ca exposure induced significant swelling in which the
mitochondrial diameter increased from 752±17 nm in the controls to 941±21 nm (Fig. 2.11).
This swelling was accompanied by matrix dilution, disruption of configuration of cristae,
vacuolation and increased separation between IMM and OMM (Fig. 2.10B and C). On the other
hand, Zn exposure caused mitochondrial shrinkage with the diameter decreasing to 644±13 nm
(Fig. 2.11). The shrinkage was accompanied by matrix ultracondensation and loss of cristae
structure (Fig. 2.10D and E). The combined exposure revealed antagonism between Ca and Zn
on swelling wherein the mitochondrial diameter (672±15 nm) fell between that measured with
the Ca and Zn alone exposures (Fig. 2.11). Here, the shrinkage was accompanied by
condensation of mitochondrial matrix and widening of cristae (Fig. 2.10F).
2.4.4 Zn and Ca synergistically impair OXPHOS
Individually, Zn and Ca inhibited state 3 respiration by 24%-89% and 12-60%, respectively, for
10-100 µM concentrations (Fig 2.12A). In contrast, low concentrations (5 µM) of Zn and Ca
individually stimulated state 3 respiration by 7% and 14%, respectively.
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Figure 2.1. Real time measurement of redox status and OXPHOS. The effect of NAC and
vitamin E on mitochondrial oxidation state measured with H2DCFDA (A-G and J) and
mitochondrial respiration (H and I) are shown. Control (A), NAC 2 mM (B), NAC 5 mM (C),
NAC 20 mM (D), NAC 40 mM (E) and NAC 60 mM (F). G, Geometric means of fluorescence
over time at different NAC concentrations. Low and intermediates NAC concentrations
increased fluorescence above basal levels. High NAC concentrations blocked oxidation,
inhibited state 3 and stimulated states 4 and 4ol (H); numbers indicate average respiration rates
(nmol O2/mg protein/min) for 5 independent mitochondrial preparations. I, Effects of 60 mM
NAC on OXPHOS indices (state 3 respiration, state 4 respiration and RCR). Data are means ±
SEM (n = 5). Asterisks (*) and hashtag (#) indicate that mean values are significantly lower and
higher that controls, respectively. J, Geometric means of fluorescence over time at different
vitamin E concentrations (0-1000 µM).

51

Figure 2.1

A

B

D

E

C

F

H
G

J

I
52

Figure 2.2. Effect of Zn and Ca on mitochondrial redox state measured in real-time.
Fluorescence of H2DCFDA was initially monitored for 700 s after which RB (control) and Zn
and Ca (5 and 100 µM) individually and in combination were added and the fluorescence
monitored for an additional 1,200 sec. A, control. B, 100 µM Ca. C, 100 µM Zn. D, Combined
100 µM Zn and Ca. The means ± SEM (n = 5) of fluorescence over time for 5 (E) and 100 (F)
µM Ca and Zn alone and in combination are shown. Asterisks (*) indicate that values are
significantly different from the respective controls.
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A

B

Figure 2.3. Mitochondrial H2O2 measurement using AR assay. A, effect of Zn and Ca
individually and in combination and AMA on mitochondrial H2O2 production. B. effect of
vitamin E on antimycin (AMA) induced H2O2 production. Data are means ± SEM (n = 5).
Different letters indicate significant difference.
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Figure 2.4. H2O2 measurement using AR assay. A, H2O2 standard curve, n = 5. B, Dose response
relationship of vitamin E H2O2 (1 µM) scavenging activity. C, effects of Zn and Ca individually
and in combination and AMA on basal fluorescence. Data are means ± SEM (n = 5). Different
letters indicate significant difference.
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Interestingly, the two cations acted synergistically in combination at low concentrations,
imposing 24%-89% state 3 inhibition for the 5-100 µM concentrations (Fig. 2.12A). State 4
respiration

decreased

concentration-dependently

following

exposure

to

10-100

µM

concentrations of the two cations individually and in combination (Fig. 2.12B). Low
concentrations of Zn and Ca (5 µM) individually improved mitochondrial coupling (Fig. 2.12C).
Overall it appeared that the inhibition of state 3 respiration outweighed the decrease in state 4
respiration resulting in mitochondrial dyscoupling (reduced RCR). Zn alone and in combination
with Ca had more potent dyscoupling effect than Ca, imposing 23-86% and 42-85% reductions
in RCR for the 20-100 µM concentrations, respectively, compared with the 26-44% reduction
caused by Ca alone (Fig. 2.12C). Unlike RCR, the phosphorylation efficiency (P/O ratio) was
either not significantly affected or could not be calculated at high cation concentrations due to
severe mitochondrial uncoupling (data not shown). Lastly, for CI activity (Fig 2.12D), Zn and Ca
had no effects at the lowest concentration (5µM) tested. However, at 50 µM, Zn individually and
in combination with Ca reduced CI activity by 32 and 47 %, respectively, while Ca alone caused
a 20% reduction. At 100 µM, all 3 treatments caused essentially similar inhibitory effects on CI
activity (Fig. 2.12D).
2.5 DISCUSSION
Ca and Zn play pivotal interwoven roles in cellular homeostasis (Clapham 2007; Maret 2013) but
their interaction on mitochondrial bioenergetics and oxidative stress remain largely unstudied.
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Figure 2.5. Effects of Zn and Ca on ∆Ψmt measured by real-time flow cytometry. A, Orange
fluorescence surge on Fl-2 channel due to formation of JC-1 polymers in the matrix of control
energized mitochondria with intact membranes. B, Basal mitochondrial fluorescence, showing
100% of the population in the lower left quadrant for both the FL1 and FL2. C, Mitochondrial
fluorescence after addition of JC-1, showing 100% of the population in the upper right quadrant
indicating emission of both green and orange fluorescence. D, Pronounced drop in orange
fluorescence due to the loss of ∆Ψmt caused by added the Ca (100 µM). E, Zn (100 µM) caused
less pronounced drop in ∆Ψmt compared with Ca. F, Combined Zn and Ca (100 µM) exhibited an
antagonistic interaction on the ∆Ψmt, where Zn partially protected against Ca-induced dissipation
of ∆Ψmt. G, FCCP dissipated ∆Ψmt with a 41 % drop in FL-2 fluorescence. Red lines represent
geometric means.
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Figure 2.6. Dose response relationship of Zn and Ca individually and in combination on ∆Ψmt.
Ca was more toxic than Zn and Zn protected against Ca-induced dissipation of ∆Ψmt. Data are
means ± SEM (n = 5). Asterisks (*) indicate that values are significantly different from controls
and points at each concentration with different letters are significantly different from each other.
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Figure 2.7. Real-time measurement of mitochondrial size (FSC) and granularity (SSC). Marked
increase in FSC (swelling) (A) and decrease in SSC (decreased granularity) (B) caused by Ca
(100 µM). Zn (100 µM) caused a decrease in FSC (shrinkage) (C) and increase in SSC
(granularity) (D). Combined Zn and Ca exposure showed antagonism on mitochondrial swelling
(E) and granularity (F).
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Figure 2.8. Effect of Zn and Ca on mitochondrial granularity. A, Dose response relationship of
Zn and Ca individually and in combination on mitochondrial granularity (data are means ± SEM,
n = 5). B, Zn reversed Ca-induced decrease in granularity and caused mitochondrial
condensation. C, CsA inhibited Ca induced mitochondrial decrease in SSC. Points at each
concentration in (A) with different letters are significantly different from each other.

62

Figure 2.9. Correlation between the effects of Zn and Ca on percent change in SSC.
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Figure 2.10. Effect of Zn and Ca on mitochondria ultrastructure as revealed by TEM. A, Control
mitochondria with intact OMM and IMM, IMS size of 9-13 nm and clearly defined cristae (scale
bar, 500 nm). B, Ca 50 µM: swelling of mitochondria, matrix dilution, vacuolation and increases
IMS (scale bar, 500 nm). C, Loss of cristae and extensive vacuolation (scale bar, 500 nm). D,
and E, Zn 50 µM: shrinkage and matrix condensation (scale bar, 500 nm). F, Zn plus Ca 50 µM:
shrinkage, matrix condensation and widened cristae (scale bar, 500 nm).
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Mitochondrial diameter
Figure 2.11. Effect of Zn and Ca on mitochondria size as revealed by TEM. Mitochondrial
diameter (means ± SEM, n = 75-100). Bars with different letters are significantly different from
each other.
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I, for the first time using real-time flow cytometry, measured mitochondrial redox state by
monitoring H2DCFDA oxidation to DCF (Winterbourn 2008) and its attenuation by known antioxidants, NAC and vitamin E. Unexpectedly, I found that low concentrations of both NAC and
vitamin E had pro-oxidant activity. While pro-oxidant effects of NAC (Spagnuolo et al., 2006;
Zheng et al., 2010) and vitamin E (Rietjens et al., 2002) have previously been reported, my study
conclusively linked these effects with the mitochondria. In general, antioxidants may act as prooxidants when reducing equivalents are depleted (Niki and Noguchi, 2004) or by interacting with
redox active transition metals, e.g., Cu and Fe (both occur in substantial amounts in the
mitochondria), yielding the superoxide anion and H2O2 (Sprong et al., 1998; Zheng et al., 2010).
Moreover, the oxidation of thiol groups present in NAC by ROS can result in the formation of
thiyl radicals due to insufficient regenerative reduction (Spagnuolo et al., 2006). Although
formation of vitamin E radicals has been reported at high concentrations of the vitamin (Rietjens
et al., 2002), with flow cytometry I found that the high concentrations I tested (250-1000 µM)
had anti-oxidant effects. Contrasting the pro-oxidative low concentrations, NAC at high
concentrations had remarkable anti-oxidant activity which, surprisingly, was associated with
dyscoupling of the mitochondria via inhibition of maximal respiration and stimulation of leak
respiration. This dyscoupling of OXPHOS in the complete absence of oxidative stress suggests a
role of ROS in maintaining coupled respiration. When mitochondrial electron transport was
inhibited at CIII with AMA, vitamin E reduced the enhanced H2O2 production in a biphasic
manner wherein maximal reduction was achieved by 50 µM and higher concentrations increased
H2O2 production.
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Figure 2.12. Effects of Zn and Ca on OXPHOS and CI activity. A, State 3 respiration. B, state 4
respiration. C, RCR. D, CI activity. Data are means ± SEM (n = 5). Asterisks (*) indicate that
values are significantly different from controls. Points at each concentration with different letters
are significantly different from each other.
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Note that increased H2O2 production may not necessarily result in mitochondrial shift to a more
oxidized state because the anti-oxidant system can, to some extent, effectively detoxify H2O2 and
preclude alteration of redox status (Wang et al., 2015). Collectively, my study clearly shows a
concentration-dependent bimodal modulation of mitochondrial function by NAC and vitamin E
and highlights the need to determine optimal antioxidant concentrations in both experimental and
clinical settings. The flow cytometry findings that low concentrations of Zn plus Ca had antioxidant properties (i.e., reduced the shift to more oxidized state) whereas high concentrations
were pro-oxidant are consistent with earlier reports (Cuajungco et al., 2000; Dineley et al., 2005;
Dineley et al., 2008). That low concentrations of Zn individually and in combination with Ca
stimulated H2O2 production without dyscoupling the mitochondria or inhibiting CI and inducing
a shift to more oxidized state suggests that the H2O2 or its precursor (superoxide anion radical)
induced by these low concentrations played a physiological role (Zorov et al., 2014) or was
effectively scavenged by the endogenous anti-oxidant system. While the mechanistic
underpinnings of these effects remain to be resolved, I speculate that combined low
concentrations of the cations stimulated and high concentrations inhibited the mitochondrial antioxidant defense system. My study additionally uncovered synergistic action of Zn plus Ca on
mitochondrial redox state in real-time and identified oxidative stress as a contributing
mechanism to mitochondrial impairment imposed by the two cations. An unexpected finding that
remains to be explained was the lack of effect of high Zn and Ca on redox status despite their
stimulatory effect on H2O2 production and detrimental effects on other aspects of mitochondrial
function. Nonetheless, my study decisively uncovered concentration-dependent anti- and pro-
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oxidant properties of Ca plus Zn that could be investigated further for their roles in the
development and management of oxidative stress-related diseases. Overall, despite the lack of
selectivity of the H2DCFDA assay and considering that it is a general indicator for oxidant
production (Rhee et al., 2010) and redox state (Šalipur et al., 2014), the considerable agreement
between the H2DCFDA and AR assay results was surprising. Specifically, the parallel between
enhancement of H2O2 production and mitochondrial oxidation state for the combined high Zn
and Ca treatment, as well as that between the effect of vitamin E on H2O2 production and
oxidation state, suggests that real-time flow cytometry using H2DCFDA has substantial value in
assessing oxidative stress in isolated mitochondria. However, because H2DCFDA does not react
with H2O2 (Forman et al., 2015), my findings suggest that the reactive species that ultimately
caused the oxidation of H2DCFDA primarily originated from H2O2. For example, Fenton or
Haber-Weiss reactions catalyzed by Fe and Cu, both of which occur in the mitochondria in part
as redox centers, could have converted H2O2 to the more reactive hydroxyl radicals that
subsequently oxidized H2DCFDA. Importantly, my finding that Zn, Ca and AMA impaired the
enzymatic reaction between AR and HRP highlights the need for testing chemicals for possible
inhibitory effects on the assay as found with some metals including Zn (Moyo 2014).
Using real-time flow cytometry I showed that Ca, and to a lesser extent Zn, dissipated the ∆Ψmt
consistent with several previous studies (Devinney et al., 2009; Dineley et al., 2005; Lecoeur et
al., 2004). Importantly, my study showed that the interaction of Ca and Zn in dissipating ∆Ψmt is
antagonistic. One of the mechanisms by which these cations dissipated the ∆Ψmt was by
induction of PTP (Fig. 2.8C) as previously reported for Ca (Baumgartner et al., 2009; Lecoeur et
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al., 2004) and Zn (Jiang et al., 2001; Wudarczyk et al., 1999). However, the role of PTP in Zninduced ∆Ψmt dissipation is contentious because some studies (Devinney et al., 2009; Dineley et
al., 2005) did not find protection against Zn-induced ∆Ψmt loss by PTP blockers. These studies
and my results suggest that Zn may not be a classical PTP inducer but dissipates ∆Ψmt by other
mechanisms such as inhibiting electron transport chain enzyme complexes (Fig. 2.12D) and the
TCA (21-23), or perhaps by modulating membrane proteins that mediate proton leak across the
IMM (Jastroch et al., 2010). Nonetheless, the Zn concentrations used, as well as the animal
species and organ of mitochondria source, can also influence the findings.
Zn and Ca disrupted mitochondrial structural integrity and volume homeostasis differently. The
increased FSC concurrent with decreased SSC following Ca exposure (Fig. 2.7A and B)
indicates simultaneous swelling and dilution of the matrix contents. Further, the ultrastructural
changes induced by Ca were consistent with vesicular-swollen and swollen classifications
according to the criteria for staging mitochondrial swelling (Sun et al., 2007). These volume
changes were, at least in part, due to the opening of PTP (Fig. 2.8C) that can cause ions like K+
(the main intracellular cation) to move into the matrix, driving influx of osmotically obligated
water (Martinou et al., 2000). Alternatively, Ca-induced increase in K+ influx via Ca-dependent
K+ channels and/or suppression of K+ extrusion (K+/H+ exchange) can contribute to
mitochondrial swelling (Kaasik et al., 2007). Interestingly, unlike Ca, Zn caused mitochondrial
shrinkage and ultracondensation contrary to earlier studies in which Zn reportedly caused PTP
opening and swelling (Jiang et al., 2001; Sensi et al., 2009; Wudarczyk et al., 1999). In my
study, either type of mitochondrial volume dyshomeostasis –swelling (Ca) and shrinking (Zn)–
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was associated with impaired OXPHOS. Moreover, I found an antagonistic interaction wherein
Zn reversed Ca-induced swelling (Fig. 2.8B), contrasting the synergy reported in rat brain
mitochondria (Jiang et al., 2001). This reversal was associated with matrix condensation and
widening of cristae similar to the condensed conformation of mitochondria in low energy state
(Hackenbrock 1968) which is consistent with the marked inhibition of OXPHOS (Fig. 2.12A and
C). The reversal of Ca swelling by Zn possibly resulted from stimulation and inhibition of
mitochondrial efflux and influx of K+, respectively (Manon and Guerin, 1995). Because K+ is the
main solute contributing to water movement across IMM (Bernardi 1999), stimulation of its
extrusion and inhibition of its import would protect against Ca-induced swelling and
concurrently attenuate the deleterious effects of Ca via Zn-evoked Ca extrusion from
mitochondria (Hughes and Exton, 1983). Additionally, the reports that Zn protects against
cytochrome c release and does not induce PTP opening (Brown et al., 2000; Devinney et al.,
2009; Zhuang et al., 1998) supports the notion that Zn does not cause swelling.
Both Zn and Ca inhibited OXPHOS, with the former being more potent, consistent with previous
studies (Belyaeva and Saris, 2011; Ye et al., 2001). Importantly, contrary to my hypothesis that
Ca and Zn would interact antagonistically (Jiang et al., 2001; Sensi et al., 2009), the two cations
impaired OXPHOS synergistically. While Ca has been reported to synergistically inhibit state 3
respiration with Cd2+ (Adiele et al., 2012), the Ca-Zn interaction was unique at low
concentrations in that the cations individually stimulated respiration but inhibited it when
combined. Apparently, the combined exposure reversed the stimulation of OXPHOS that was
likely mediated by activation of matrix dehydrogenases, ATP synthase and/or ANT by low
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individual concentrations of Ca (Cárdenas et al., 2010) and Zn (Jiang et al., 2001), thereby
lowering the RCR. Lastly, my data on the P/O ratio underscores the limitations of this metric of
overall mitochondrial functional integrity (Nicholls and Ferguson, 2013) in assessing the effects
and interactions of Ca and Zn. Overall in my study, the impairment of OXPHOS was attributed
in part to CI inhibition. Notably, Zn and Ca, individually and in combination, reduced CI
activity; earlier studies reported similar findings for Zn (Sharpley and Hirst, 2006) and lack of
effect of Ca alone on CI activity (Jekabsone et al., 2003). An intriguing finding that requires
further investigation was that despite the proven integrating role of ∆Ψmt in mitochondrial
bioenergetics, the effects of Ca and Zn on ∆Ψmt were not concordant with those on OXPHOS.
In summary, I unveiled previously unrecognized bidirectional interactions between Zn and Ca
and delineated conditions under which the two cations act cooperatively or antagonistically on
mitochondrial function. I showed that the interaction between Zn and Ca vary according to the
mitochondrial functional metric and their joint effects could not be consistently predicted from
their individual effects based on previously reported mechanisms of action. These interactive
effects and their mechanistic underpinnings unveil testable ideas about the potential
mitochondrial targets of both cations. For example, the finding that the anti- and pro-oxidant
activities of Ca plus Zn and their promotion of H2O2 production individually and in combination
were associated with loss of ∆Ψmt and altered mitochondrial coupling, impaired CI activity and
volume dyshomeostasis highlights the reactive species paradox and, importantly, suggests a core
regulatory role of reactive species in mitochondrial function. Future studies therefore might
probe the mechanisms and signaling pathways that govern the interwoven anti- and pro-oxidant
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activities of Ca and Zn. Moreover, the antagonism on ∆Ψmt, volume and morphology raises
questions regarding if and how Zn modulates the mitochondrial K+/H+ exchanger, whose action
potentially can cause shrinkage and decrease ∆Ψmt. It would also be valuable to probe whether or
not the mechanisms of Ca-induced PTP opening are impaired by Zn leading to shrinkage and
protection against the drop in ∆Ψmt induced by Ca. Finally, the novel real-time flow cytometry
techniques that I developed provide a sensitive kinetic multiparametric toolbox for studying
mitochondrial and cell function.
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CHAPTER 3

ZINC AND CALCIUM ALTER THE RELATIONSHIP BETWEEN MITOCHONDRIAL
RESPIRATION, ROS AND MEMBRANE POTENTIAL IN RAINBOW TROUT
(ONCORHYNCHUS MYKISS) MITOCHONDRIA

A version of this Chapter has been published as:
Sharaf, M.S., Stevens, D., Kamunde, C., 2017. Zinc and calcium alter the relationship between
mitochondrial respiration, ROS and membrane potential in rainbow trout (Oncorhynchus mykiss)
mitochondria. Aquatic Toxicology, https://doi.org/10.1016/j.aquatox.2017.06.005.
.
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3.1 ABSTRACT
At excess levels, Zn disrupts mitochondrial functional integrity and induces oxidative stress in
aquatic organisms. Although much is known about the modulation of Zn toxicity by Ca in fish,
the interactions of the two cations at the mitochondrial level have scarcely been investigated.
Here I assessed the individual and combined effects of Zn and Ca on the relationship between
mitochondrial respiration, ROS and ∆Ψmt in rainbow trout liver mitochondria. I tested if cation
uptake through the mitochondrial calcium uniporter (MCU) is a prerequisite for Zn- and/or Cainduced alteration of mitochondrial function. Furthermore, using my recently developed realtime multi-parametric method, I investigated the changes in respiration, ∆Ψmt, and ROS (as
H2O2) release associated with Ca-induced mitochondrial depolarization imposed by transient and
permanent openings of the mitochondrial permeability transition pore (mPTP). I found that
independent of the MCU, Zn precipitated an immediate depolarization of ∆Ψmt that was
associated with relatively slow enhancement of H2O2 release, inhibition of respiration and
reversal of the positive correlation between ROS and ∆Ψmt. In contrast, an equitoxic
concentration of Ca caused transient depolarization and stimulation of both respiration and H2O2
release, effects that were completely abolished when the MCU was blocked. Contrary to my
expectation that mTRS would be sensitive to both Zn and Ca, only Ca suppressed it. Moreover,
Zn and Ca in combination immediately depolarized ∆Ψmt, and caused transient and sustained
stimulation of respiration and H2O2 release, respectively. Lastly, I uncovered and characterized
an mPTP-independent Ca-induced depolarization spike that was associated with exposure to
moderately elevated levels of Ca. Importantly, I showed the stimulation of ROS release
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associated with highly elevated but not unrealistic Ca loads was not the cause but a result of
mPTP opening in the high conductance mode.
3.2 INTRODUCTION
Zn is one of the most abundant essential transition metals in animals and contributes to diverse
biological processes (Maret 2013). However, because both deficient (Sun et al., 2016) and excess
(Gazaryan et al., 2007) levels of Zn have been associated with cellular dysfunction, the
regulation of the free levels of this metal is crucial for normal physiology (Maret 2013). In fish,
several mechanisms of Zn uptake have been described at the gill and the intestinal levels (Glover
and Hogstrand, 2002; Hogstrand et al., 1996). However, once taken up into cells, the
mechanisms by which the metal is imported into subcellular compartments have not been clearly
elucidated (Maret 2013). Among the subcellular compartments, mitochondria have been shown
to be a key target for toxicants including metals (Belyaeva et al., 2008; Giguère et al., 2006). In
this regard, Zn has been shown to accumulate in mitochondria and impair their structure and
function in several species including mammals (Dineley et al., 2005), fish (Sharaf et al., 2015)
and mollusks (Trevisan et al., 2014a). Importantly, Ca, an essential macronutrient, has been
found to compete with Zn for the uptake sites at both the organismal (Barron and Albeke, 2000)
and mitochondrial levels (Jiang et al., 2001).
Ca is a signaling cation that has multiple functions including regulation of ATP synthesis and
numerous other aspects of cellular function (Clapham 2007). This cation enters mitochondria
through a specific ion channel, the MCU, recently identified as a 40 kDa pore-forming subunit of
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the uniporter holocomplex localized in the IMM (Pan et al., 2013). The uptake of Ca through the
MCU is regulated by two associated Ca-sensing proteins, mitochondrial calcium uptake proteins,
MICU1 and MICU2. These proteins close the channel at low cytosolic Ca concentration and
facilitate Ca influx into the matrix at high cytosolic Ca concentration (Kamer and Mootha, 2015).
Normally, mild/moderate mitochondrial Ca uptake causes transient depolarization of the ∆Ψmt by
a momentary opening of the mPTP, and this depolarization is corrected by pumping of protons to
the IMS resulting in the mDPS (Ichas et al., 1997). However, the exact mechanisms through
which Ca induces mPTP are still ambiguous although elevated Ca level is presumed to be the
prime inducer of sustained mPTP opening through oxidant stress or cychlophilin D-dependent
mechanisms (Baumgartner et al., 2009; von Stockum et al., 2015). Regardless of the exact cause,
mPTP is a non-selective megachannel and its opening in the high conductance mode results in
mitochondrial depolarization, entry of water and solutes into the matrix, swelling, and release of
cytochrome c ending with cell death (Martinou et al., 2000). Surprisingly, despite its discovery
several decades ago, the molecular composition and opening mechanisms of mPTP and its
relationship with ROS remain unclear (Gerle 2016; Komary et al., 2010; Szabo and Zoratti,
2014).
In the present work, I used my high resolution method to measure mitochondrial respiration,
ROS and ∆Ψmt simultaneously under tightly controlled temperature and known oxygen levels.
Moreover, although several studies have investigated aspects of Zn and Ca modulation of
mitochondrial physiology (Baumgartner et al., 2009; Clapham 2007; Gazaryan et al., 2007; Ichas
et al., 1997; McCord and Aizenman, 2013; Sharaf et al., 2015; Sun et al., 2016; Ye et al., 2001),
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little is known about the mitochondrial uptake of Zn, and how Zn and Ca affect the relationship
between respiration, ROS and ∆Ψmt. Here, I first tested the hypothesis that both Zn and Ca use
the MCU as an import mechanism into the mitochondria and their effects thereof alter the
relationship between respiration, ROS and ∆Ψmt. Second, to test the notion that the mTRS that I
recently described (Sharaf et al., 2017a) is an indicator of mitochondrial functional integrity, I
probed the effects Zn and Ca on mTRS biophysical properties. Third, I tested the idea that Cainduced mDPS is due to transient mPTP opening and that permanent mPTP opening results from
increased ROS release.
3.3 MATERIALS AND METHODS
3.3.1 Chemicals and reagents
AR and HRP were from Molecular Probes, Inc., Oregon, USA; Zn and Ca (as ZnSO4.7H2O and
CaCl2.2H2O, respectively), FCCP, oligomycin, AMA, RR, CsA, and H2O2 were from SigmaAldrich, Oakville, ON. The lipophilic cation, tetraphenylphosphonium chloride (TPP+), was
from Alfa Aesar, Heysham, England. Chemicals used for preparation of mitochondrial isolation
and respiration buffers were sucrose, KH2PO4, KCl, EGTA, bovine serum albumin (BSA),
aprotinin, L-malic acid, L-glutamic acid and ADP were from Sigma-Aldrich, Oakville, ON. TrisHCl was from EMD Chemicals Inc, Gibbstown, NJ, USA. The potential-sensitive lipophilic
cationic dye, JC-1, was obtained from Biotium, Inc., California, USA.

78

3.3.2 Mitochondrial isolation
The experimental procedures used were approved by the University of Prince Edward Animal
Care Committee in accordance with the Canadian Council on Animal Care (protocol #15-029).
Female rainbow trout (Oncorhynchus mykiss; 150 ± 20 g) were obtained from Ocean Trout
Farms Inc., Brookvale, PE, and kept at the Aquatic Facility of Atlantic Veterinary College in a
400-L tank supplied with flow through well-water at 11 ± 1oC. Fish were fed 1% of their body
weight with commercial trout chow pellets (Corey Feed Mills, Fredericton, NB). Mitochondria
were isolated from livers by differential centrifugation (Sharaf et al., 2015) and re-suspended in
RB (10 mM Tris-HCl, 25 mM KH2PO4, 100 mM KCl, 1 mg/ml fatty acid free BSA, 2 µg/ml
aprotinin, pH 7.3). Mitochondrial protein was measured spectrophotometrically (Spectramax
Plus 384, Molecular Devices, Sunnyvale, CA) by the method of Bradford (Bradford 1976) with
BSA as the standard.
3.3.3 Simultaneous measurement of respiration, ∆Ψmt and H2O2 release
A multiparametric method involving polarography, potentiometry (ion selective electrode, ISE)
and fluorometry (O2k-Fluo LED2-module) was developed using Oxygraph-2k (Oroboros
Instruments, Innsbruck, Austria). All of the assays were done in calibrated 2-ml O2k-chambers at
15 oC (fish) or 30 oC (mice) electronically maintained to within ± 0.001 °C by an inbuilt Peltier
thermostat. Oxygen concentration (nmol•ml-1) and oxygen flux per mg mitochondrial protein
(pmol O2•s−1•mg protein−1) were recorded in real-time and were corrected for instrument
background oxygen flux. ∆Ψmt was obtained by measuring TPP+ uptake using a TPP+ ISE, where
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the electrode potential with respect to a reference electrode is a function of the logarithm of the
TPP+ concentration in the buffer (Renner-Sattler et al., 2011). A calibration curve was generated
and the TPP+ uptake by mitochondria in each respiratory state was measured as the difference
between TPP+ concentration (1 µM) before adding the mitochondria and the concentration
measured during respiration at steady state obtained after adding mitochondria, substrates and
modulators. The ∆Ψmt, expressed in millivolts (mV), was calculated assuming a Nernst
equilibrium distribution across the IMM (Renner-Sattler et al., 2011). The Fluorescence-Sensor
Green of the O2k-Fluo LED2-Module was used for real-time measurement of both the flux
(pmol H2O2•s−1•ml−1) and total amount (µM) of H2O2 using the AR- HRP assay. In this assay,
HRP (1 U for fish liver and heart and mice heart; 0.1 U for mice liver) catalyzes the reaction
between H2O2 and AR (10 µM) to give rise to resorufin, a fluorescent product that is detected by
a sensor in Fluo LED2-Module. Before each experiment, a standard calibration curve (0-0.45
µM H2O2) was generated and used to convert the voltage signal to concentration of H2O2
(Makrecka-Kuka et al., 2015). It is noteworthy that the ability to measure H2O2 emission flux
(rate) in real-time was crucial in the detection of changes in H2O2 emission that occur when
mitochondria undergo transitions in energetic states.
To simultaneously measure ∆Ψmt, respiration and H2O2 emission, the experimental conditions
and settings were adjusted to minimize the electronic noise interference in order to visualize
changes in the three parameters. Specifically, the amperometric settings for H2O2 detection were
adjusted to 2000 mV polarization voltage and a gain for sensor of 1000 (excitation/emission
525/620 nm). The potentiometric sensor gain was 10 while the O2 sensor gain was 1 and its
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polarization voltage was 800 mV. All the three parameters were recorded using DatLab software
(Oroboros Instruments, Innsbruck, Austria).
After optimizing assay conditions as described above, I probed the relationship between
respiration, ∆Ψmt and H2O2 emission under control conditions. Mitochondria (0.75 mg protein
per ml) from fish liver were added to the chambers to induce State 1 then CI substrates (malate
and glutamate) were added imposing state 2. State 3 respiration was initiated by addition of ADP
(500 µM) and a transition to state 4 occurred after the ADP was exhausted. Preliminary ADP vs.
oxygen consumption titration determined that 500 µM ADP stimulated CI-supported respiration
maximally. Another ADP pulse was added to induce a second state 3 during which oligomycin
(2.5 µg/ml) was added to induce state 4 with oligomycin (state 4ol). Thereafter, the mitochondria
were uncoupled with FCCP (0.2 µM) and then inhibited with AMA (20 nM) to induce state 3u
and state 5, respectively.
For experiments using Ca uniporter blocker, RR was added prior to the calibration step in order
to account for interference due its intense red color. Data for the three parameters were recorded
using DatLab software (Oroboros Instruments, Innsbruck, Austria) at different mitochondrial
bioenergetic states under control and stress conditions (Sharaf et al., 2017a).
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3.3.4 Probing the effects of Zn and Ca on the relationship between respiration, ∆Ψmt and
H2O2 release
Given their relatively similar inhibitory effects on mitochondrial respiration (Sharaf et al., 2015),
Zn and Ca at total concentrations of 50 and 100 µM, respectively, were selected for these
experiments. Speciation analysis showed that 48% of the Ca and 15% of the Zn were in the ionic
forms (M2+) under my experimental conditions. Measurements of the effects of Zn (50 µM) and
Ca (100 µM) individually and in combination on mitochondrial respiration, ∆Ψmt and H2O2
release were then performed. In these experiments, Zn and/or Ca were added to the chambers
during state 4 and their effects on states 4, 3, 4Ol, 3u and 5 were measured. For the effects of
Zn/Ca on mTRS, Zn or Ca were added to the chambers during state 4 and their effects on H2O2
release during state 3 to 4 transition were assessed. Because combined Zn and Ca treatment
completely inhibited state 3 respiration, I did not test their effect on the mTRS associated with
state 3 to 4 transition. For MCU-dependent effects, assays were performed without and with RR
(MCU blocker; 20 µM).
3.3.5 Probing the mechanism of Ca-induced transient and permanent mPTP opening
To study the effect of mPTP opening on the relationship between respiration, ∆Ψmt and H2O2
release, I first added 100 µM Ca during state 4 in the presence and absence of 1 µM CsA (mPTP
blocker) to test the transient mPTP opening (Ichas et al., 1997). Shortly after, 500 µM Ca was
added to induce permanent (high conductance) mPTP opening. I had earlier determined in a pilot
study in which Ca was added in 100 µM pulses that a total of 600 µM permanently opens mPTP
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in rainbow trout liver mitochondria. For comparison, a concentration of 500 µM Ca induced
mPTP opening in mice mitochondria (Pan et al., 2013).
3.3.6 Real-time flow cytometric ∆Ψmt measurement
Real-time ∆Ψmt measurement was done using JC-1 as described in (Sharaf et al., 2015). Briefly,
isolated mitochondria (19 µg protein) were added to RB containing 5 mM malate and 5 mM
glutamate. JC-1 with or without RR (20 µM) was added and ∆Ψmt data were collected for 500 s
after which Zn (50 µM) or Ca (100 µM) was added. Fluorescence data were then collected for an
additional 800 s. The data were processed and presented using Flowjo 7.6.5 (TreeStar Inc.,
Oregon, USA).
3.3.7 Statistics
Prior to statistical analysis, all the data were tested for normality (Kolmogorov-Smirnov) and
homogeneity of variances (Levene's test) and were log transformed when necessary using
Minitab 16 (Statistical Software, 2010; State College, PA: Minitab, Inc.). Repeated measures
ANOVA (GraphPad Prism 7, GraphPad Software, La Jolla California USA) was performed.
Pairwise comparisons were done using the Tukey’s method. All tests were two-tailed, p0.05.
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3.4 RESULTS
3.4.1 Zn and Ca alter the relationship between mitochondrial ROS, ∆Ψmt and respiration
Zn exposure precipitated an immediate depolarization of ∆Ψmt and a relatively slow
enhancement of H2O2 release during state 4 (Fig. 3.1B-E). Surprisingly, the depolarization of
∆Ψmt was not accompanied by stimulation of respiration (Fig. 3.1A and D). Moreover, the ∆Ψmt
was depolarized in response to ADP and FCCP despite the significant inhibition of respiration
(Fig. 3.1A, B and D). Overall, the positive correlation that was observed between ROS and ∆Ψmt
during states 1, 2 and 3 (Sharaf et al., 2017a) was reversed by Zn (Fig. 3.4A). The addition of
AMA to induce state 5 increased H2O2 release to attain rates that were significantly higher than
those of state 4 without and with Zn exposure (Fig. 3.1C and D).
In contrast to the effect of Zn, Ca imposed an immediate massive transient depolarization of the
∆Ψmt followed by partial recovery (Fig. 3.2B, D and E). Moreover, this depolarization was
mirrored by a transient stimulation of respiration (Fig. 3.2A, D and E). Both the depolarization
and stimulation of respiration had similar kinetics (Fig. 3.2E) and were associated with a
transient stimulation of H2O2 release (Fig. 3.2C and D). In the presence of elevated Ca, state 3
respiration was significantly inhibited and the corresponding depolarization was weaker
compared with control state 3. In contrast, state 3u respiration and depolarization were not
affected by Ca (Fig. 3.2A and D). During state 5, inhibition of respiration, further depolarization
and stimulation of H2O2 were observed compared with state 3u.
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Zn and Ca in combination immediately depolarized ∆Ψmt and stimulated both the respiration and
H2O2 release during state 4 (Fig. 3.3A-E); however, each metric changed differently with time.
Thus, while stimulation of respiration was transient and recovered quickly, the surge in H2O2
release declined quickly but only partially and overall remained highly stimulated (Fig. 3.3A and
C-E). In turn, the large drop in ∆Ψmt recovered partially and very slowly, and overall remained
significantly lower than the control (Fig. 3.3B, D and E). Respiration rates during state 3 and
state 3u were inhibited and ∆Ψmt was not depolarized in response to ADP (Fig. 3.3A, B and D).
The addition of AMA did not result in more depolarization during state 4 but significantly
stimulated H2O2 release to a greater extent than state 5 with Zn or Ca alone (Fig. 3.3B-D).
3.4.2 Zn and/or Ca modulate mTRS
In my recent paper (Sharaf et al., 2017a), I reported a ROS spike associated with mitochondrial
repolarization during transition from state 3 to 4 –the mTRS– and proposed it as an indicator of
mitochondrial functional integrity and CI function. Surprisingly, I found that Zn inhibited
mitochondrial respiration but did not affect mTRS amplitude (Fig. 3.5A and B). In contrast, Ca,
which inhibited mitochondrial respiration to the same extent as Zn, reduced the mTRS amplitude
(Fig. 3.5A and B).
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Figure 3.1. Modulation of the relationship between respiration, ∆Ψmt and H2O2 release by Zn.
(A) Zn did not have an effect on respiration during state 4 but partially inhibited respiration
during states 3 and 3u. (B) Zn caused an immediate irreversible moderate ∆Ψmt depolarization
but did not alter state 3 depolarization. (C) Zn stimulated H2O2 release and AMA further
enhanced it. (D) Effect of Zn on the relationship between respiration, ∆Ψmt and H2O2 release. (E)
Zn (50 µM) induced immediate ∆Ψmt depolarization and gradual increase in H2O2 release. Data
are means ± SEM (n = 4-5). Points with different letters are significantly different from each
other. Vertical line in A, B and C demarcates the addition of Zn.
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State

Definition

1
2
3
4
4Ol
3u
5

Mitochondria added
Complex I substrates added
ADP added
ADP exhausted
ATP synthase inhibited
Uncoupled respiration (+FCCP)
Complex III is inhibited (+antimycin A)

Figure 3.2. Modulation of the relationship between respiration, ∆Ψmt and H2O2 release by Ca.
(A) Ca induced a significant momentary increase in respiration during state 4 and partially
inhibited respiration during states 3 and 3u. (B) Ca induced transient ∆Ψmt depolarization and
blunted depolarization during state 3. (C) Ca stimulated but did not have a sustained effect on
H2O2 release at different mitochondrial functional states. (D) Effect of Ca on the relationship
between respiration, ∆Ψmt and H2O2 release. (E) Ca (100 µM) induced transient ∆Ψmt
depolarization which was mirrored by a momentary increase in respiration. Data are means ±
SEM (n = 4-5). Points with different letters are significantly different from each other. State 4T:
state 4 during the transient effect of Ca on mitochondria; State 4R: state 4 after recovery from the
transient effect of Ca. Vertical line in A, B and C demarcates the addition of Ca.
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Figure 3.3. Modulation of the relationship between respiration, ∆Ψmt and H2O2 release by Zn and
Ca. (A) Zn+Ca caused a transient stimulation of respiration during state 4 and inhibited
respiration during states 3 and 3u. (B) Zn+Ca resulted in a transient ∆Ψ mt depolarization with
slow partial re-polarization and inhibited depolarization during state 3. (C) Zn+Ca stimulated
H2O2 release that quickly declined but remained significantly elevated. (D) Effects of Zn+Ca on
the relationship between respiration, ∆Ψmt and H2O2 release. (E) Zn+Ca induced immediate ∆Ψmt
depolarization and increase in H2O2 release with slow partial ∆Ψmt re-polarization. Data are
means ± SEM (n = 4-5). Points with different letters are significantly different from each other.
State 4T: state 4 during the transient effect of Zn+Ca on mitochondria; State 4R: state 4 after
recovery from the transient effect of Zn+Ca. Vertical line in A, B and C demarcates the addition
of Zn+Ca.
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A

B

Figure 3.4. Correlation between ∆Ψmt and ROS during states 4 before and after mPTP induction
or elevated Zn. (A) Negative correlation revealing an increase in ROS with decreasing ∆Ψmt
caused by Zn. (B) Negative correlation revealing an increase in ROS with decreasing ∆Ψmt
caused by mPTP opening.
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3.4.3 The effects of Ca, but not Zn, on mitochondrial ROS, ∆Ψmt and respiration are
mediated by the MCU
I tested if Zn uses the MCU to enter mitochondria and impair their function. I found that RR did
not alter the effects of Zn on mitochondrial respiration, ∆Ψmt and H2O2 release (Fig. 3.6A-D).
Furthermore, I confirmed using real-time flow cytometry that the effects of Zn on ∆Ψmt are not
mediated by MCU (Fig. 3.6E). In contrast, blocking the MCU simultaneously abolished the
effects of Ca on mitochondrial respiration, ∆Ψmt and H2O2 release (Fig. 3.7A-D). I confirmed the
protective effect of RR against Ca-induced ∆Ψmt depolarization using real-time flow cytometry
(Fig. 3.7E). Specifically, the addition of Ca during state 4 did not result in stimulation of
respiration and the characteristic Ca-induced depolarization was absent (Fig. 3.7A, B and D).
Moreover, in the presence of MCU blocker, respiration and depolarization during state 3 and 3u
states were not inhibited by Ca (Fig. 3.7A, B and D). Surprisingly, the effects of Zn+Ca in the
presence of RR on mitochondrial respiration, ∆Ψmt and H2O2 release (Fig. 3.5A-D) were similar
to those of Zn alone indicating a complete abrogation of the Ca effects. Lastly, it is worth noting
that respiration in state 3 was significantly higher in the presence of RR than in its absence.
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A

B

Figure 3.5. Zn and Ca modulate mTRS differently. (A) Zn (50 µM) and Ca (100 µM) caused
comparable inhibition of state 3 respiration. (B) Ca, but not Zn, reduced the mTRS amplitude.
M2+ indicates the addition of Zn or Ca.
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3.4.4 Ca-induced transient ∆Ψmt depolarization is mPTP independent
The simultaneous measurement of respiration, ROS and ∆Ψmt allowed me to finely dissect Cainduced mPTP opening. To characterize the key chain of events associated with mPTP opening, I
added Ca100 in the presence and absence of CsA during state 4 and found that in both treatments
there was the characteristic transient ∆Ψmt depolarization and stimulation of respiration both of
which recovered quickly (Fig. 3.9A-D, 9A-D and 10A-C). After further addition of Ca500 (total
amount of Ca = 600 µM; Ca600), the ∆Ψmt collapsed permanently in the Ca only treatment
indicating the opening of the mPTP (Fig. 3.9B, D and 10B). In contrast, Ca600+CsA treatment
resulted in a large but transient depolarization that recovered with much slower kinetics than
after Ca100 addition (Fig. 3.10B, D and 10B). Concurrent with monitoring ∆Ψmt, I investigated
the simultaneous changes in H2O2 release and mitochondrial respiration associated with mPTP
opening. Mitochondrial respiration was completely inhibited following the mPTP opening in the
Ca600 treatment and this was associated with a significant ROS burst that tapered off partly with
time but remained significantly elevated (Fig. 3.9A, C, D and 10A, C). Similar to Zn, mPTP
opening reversed the positive correlation between ROS and ∆Ѱmt (Fig. 3.4B). In contrast and
interestingly, Ca600+CsA treatment did not result in stimulation of ROS production; however, a
significant stimulation of respiration that declined slowly over time was observed (Fig. 3.9A, C,
D and 10A, C).
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Figure 3.6. Effect of MCU on Zn-induced responses. (A) Zn+RR did not alter respiration during
state 4 but inhibited respiration during states 3 and 3u. (B) Zn-induced depolarization was similar
in the absence and presence of MCU blocker. (C) Zn+RR stimulated H2O2 release and AMA
amplified this effect. (D) Effect of Zn on the relationship between respiration, ∆Ψmt and H2O2
release were not altered by MCU blocker. (E) Real-time flow cytometry showing that Zninduced depolarization was similar in the absence (left) and presence (right) of MCU blocker.
Data are means ± SEM (n = 4-5). Points with different letters are significantly different from
each other. Vertical line in A, B and C demarcates the addition of Zn.
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Figure 3.7. Effect of MCU on Ca-induced responses. (A) Blocking MCU protected against
inhibitory effect of Ca on respiration. (B) MCU blocker prevented Ca-induced transient ∆Ψmt
depolarization and permanent ∆Ψmt dissipation. (C) Similar to Ca alone, no sustained stimulation
of H2O2 was observed in the presence of MCU blocker. (D) Effects of Ca on the relationship
between respiration, ∆Ψmt and H2O2 release were blocked completely by RR. (E) Real-time flow
cytometry showing that pronounced ∆Ψmt depolarization caused by Ca (left) was prevented by
MCU blocker (right). Data are means ± SEM (n = 4-5). Points with different letters are
significantly different from each other. State 4T: state 4 during the transient effect of Ca on
mitochondria; State 4R: state 4 after recovery from the transient effect of Ca. Vertical line in A,
B and C demarcates the addition of Ca.
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Figure 3.8. Effect of MCU on Zn+Ca-induced responses. (A) In the presence of RR, Zn+Ca
inhibited respiration during states 3 and 3u to the same extent as Zn alone. (B) In the presence of
RR, Zn+Ca immediately depolarized ∆Ψmt during state 4 but did not alter depolarization during
state 3. (C) In the presence of RR, Zn+Ca stimulated H2O2 release during state 4 but to a
significantly lower extent than Zn+Ca alone. (D) In the presence of MCU blocker, effects of
Zn+Ca on the relationship between respiration, ∆Ψmt and H2O2 release were similar to the effects
of Zn alone. Data are means ± SEM (n = 4-5). Points with different letters are significantly
different from each other. State 4T: state 4 during the transient effect of Zn+Ca on mitochondria;
State 4R: state 4 after recovery from the transient effect of Zn+Ca. Vertical line in A, B and C
demarcates the addition of Zn+Ca.
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In Ca and Ca+CsA treatments, state 3 respiration was completely inhibited but the Ca+CsA
group exhibited significant state 3u respiration and depolarization (Fig. 3.9A, D, 9A, B, D and
10A) compared with the Ca group. AMA more strongly stimulated H2O2 release and slightly
inhibited respiration but had no further effect on the already completely collapsed ∆Ψmt in Ca600
treatment (Fig. 3.9A-D and 10A-C). In the Ca+CsA treatment, respiration in state 5 was
completely inhibited and there was a further ∆Ψmt depolarization and significant stimulation of
H2O2 release (Fig. 3.10A-D and 10A-C).
3.5 DISCUSSION
I probed the effects of realistically elevated concentrations of Zn and Ca (Devinney et al., 2009;
Komary et al., 2010) on the relationship between mitochondrial respiration, ROS and ∆Ψmt, and
their effects on mPTP induction, mDPS and mTRS in fish. My findings are consistent with
previous reports that Zn and Ca inhibit respiration, depolarize ∆Ψmt and stimulate ROS
production (Sharaf et al., 2015; Ye et al., 2001), except that here, Ca did not stimulate ROS
release (Fig. 3.2C and D). While the immediate ∆Ψmt depolarization caused by Zn is consistent
with my previous findings (Sharaf et al., 2015) and suggests that it is an electrochemical event, I
provide the additional insight that stimulation of ROS release was slow/delayed, and occurred
after the depolarization of ∆Ψmt (Fig. 3.1D and E). Another possible explanation for Zn-induced
depolarization could be a loss of inner membrane integrity as shown in oyster gill and digestive
gland mitochondria (Trevisan et al., 2014a).
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Figure 3.9. Ca-induced mPTP opening modulates ROS, ∆Ψmt and respiration. (A) Ca100 caused
a transient increase in respiration during state 4 that partially recovered quickly while Ca600
completely inhibited respiration in all states. (B) Ca100 caused transient ∆Ψmt depolarization
while Ca600 caused complete and permanent ∆Ψmt depolarization that was not altered by FCCP.
(C) Ca100 did not alter H2O2 release while Ca600 stimulated H2O2 release that was further
increased by AMA. (D) Effects of mPTP opening by Ca600 on the relationship between
mitochondrial respiration, ∆Ψmt and H2O2 release. Data are means ± SEM (n = 4-5). Points with
different letters are significantly different from each other. State 4T: state 4 during the transient
effect of Ca600 on mitochondria; State 4R: state 4 after recovery from the transient effect of
Ca600. Vertical line in A, B and C demarcates the addition of Ca.
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Figure 3.10. mPTP blocker alters the effect of Ca on H2O2 release, ∆Ψmt and respiration. (A) In
the presence of mPTP blocker, Ca100 induced a transient increase in respiration during state 4
that partially recovered quickly while Ca600 caused more prolonged transient stimulation of
respiration during state 4 without effect on respiration during state 3u. (B) In the presence of
mPTP blocker, Ca100 induced transient ∆Ψmt depolarization while Ca600 caused more
prolonged transient ∆Ψmt depolarization that recovered slowly and was further depolarized by
FCCP. (C) In the presence of mPTP blocker, neither Ca100 nor Ca600 altered H2O2 release. (D)
mPTP blocker protected against Ca600-induced effects on the relationship between
mitochondrial respiration, ∆Ψmt and H2O2 release. State 4T: state 4 during the transient effect of
Ca600 on mitochondria; State 4R: state 4 after recovery from the transient effect of Ca600.
Vertical line in A, B and C demarcates the addition of Ca.
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Figure 3.11. Effect of mPTP opening on mitochondrial ROS release, ∆Ψmt and respiration. (A)
Blocking mPTP protected against impairment of state 3u by Ca600 but did not prevent the
transient stimulation of respiration by Ca100. (B) Blocking mPTP protected against Ca600induced permanent ∆Ψmt depolarization but did not prevent the transient depolarization by
Ca100. (C) Blocking mPTP protected against Ca600-induced H2O2 spike and stimulation. Red
line: Ca; blue line: Ca+CsA.
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Importantly, while the relationship between ROS and ∆Ѱmt has been shown to be positive (Zorov
et al., 2014), here Zn imposed an inverse relationship between them (Fig. 3.4A). The stimulation
of ROS release by Zn might be ∆Ψmt-dependent or via direct inhibition of the NNT (Whitehead
et al., 2005), which explains why it occurred after the ∆Ψmt depolarization. It is known that the
mitochondrial ROS scavenging system is supported by the NNT, an integral IMM enzyme that
utilizes the proton gradient to maintain the antioxidant system in a reduced state (Krengel and
Törnroth-Horsefield, 2015). An alternative explanation for the delayed ROS stimulation is that it
requires time for Zn to inhibit ETS CI (Sharpley and Hirst, 2006) and/or III (Gazaryan et al.,
2007) or any of the other multiple sites of mitochondrial ROS production (Goncalves et al.,
2015). When AMA, which inhibits CIII Qi site (Holmstrom and Finkel, 2014), was added to Zninhibited mitochondria, there was further stimulation of ROS release suggesting that Zn only
partially inhibited CIII, acted at another site, and/or impaired the mitochondrial antioxidant
system (Dineley et al., 2005). It is worth noting that an immediate remarkable ROS spike was
observed following Zn addition but further investigation using RB devoid of mitochondria
confirmed that it was an artifact (Fig. 3.4A and B).
Consistent with earlier studies indicating that mitochondria recover from Ca-induced
depolarization (Nicholls and Ward, 2000; Pastorino et al., 1999), I observed a characteristic Cainduced transient depolarization that recovered quickly but partially (mDPS). The partial
recovery of ∆Ψmt indicates that Ca at 100 µM did not trigger permanent mPTP opening
consistent with earlier reports (Komary et al., 2010). Notably, mPTP has been reported to operate
in two conductance modes: high, where the pore is persistently open, and low, where pore
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opening is transitory (Ichas et al., 1997). There have been several reports that the transient
depolarization might be due to a transient mPTP opening in the low conductance mode that
facilitates the release of Ca overload from mitochondria via the mitochondrial Ca-induced Ca
release (mCICR) phenomenon, followed by mPTP closure and partial ∆Ψmt repolarization thus
forming the mDPS (Ichas et al., 1997; Pastorino et al., 1999). However, more recently, the ATP
synthase has been suggested to contribute to the mPTP and play a role in the mCICR making it a
possible pathway for the Ca-induced mDPS via its deprotonation (von Stockum et al., 2015). The
role of ATP synthase in the mDPS can be further explained through its reverse mode that pumps
protons back to the IMS, thus regenerating the lost electrochemical gradient due to Ca influx
(Komary et al., 2010). Another probable explanation for the observed mDPS following Ca
addition is that the influx of Ca delivers positive charges to the matrix resulting in a drop of the
electrical charge difference between the negative matrix and positive IMS that is then corrected
by pumping more protons to restore the gradient (Fiskum et al., 1979).
I additionally showed that the mDPS was associated with transient stimulation of respiration and
ROS release (Fig. 3.2 A-D), with the respiration rate and ROS levels at the end of the mDPS
being comparable with those of control state 4 (Fig. 3.2C and D). While respiration rate has not
been previously measured during mDPS, the transient stimulation in respiration observed here
during the mDPS might be due to a transient activity of electron transport system (ETS) to
compensate for the depolarization of ∆Ψmt (Schild et al., 2001). The only other study to measure
ROS during transient Ca-induced depolarization (Komary et al., 2010) did not observe changes
in ROS release under conditions comparable to those I used (state 4, absence of ADP).
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Importantly, in my study the stimulation of ROS release occurred during the repolarization phase
of the mDPS which is consistent with the notion that mitochondrial ROS production depends on
∆Ψmt (Suski et al., 2012a). It is noteworthy that using my multi-parametric method, I was able to
characterize respiration and ROS changes during transient ∆Ψmt fluctuations during the mDPS.
Following the transient effects of Ca, the subsequent depolarization of ∆Ψmt and respiration in
response to ADP (Fig. 3.2A, B and D) were weak consistent with a previous report (Pandya et
al., 2013).
The immediate ROS stimulation with the combined Zn and Ca treatment (Fig. 3.3C-E) is
consistent with my previously reported immediate shift of mitochondria to a more oxidized state
(Sharaf et al., 2015). This is likely due to inhibition of ETS enzymes, accumulation of electrons
at re-dox centers that then leak and partially reduce oxygen to form ROS (superoxide radical and
H2O2) that accumulate in the matrix due to a less competent antioxidant system (Tadic et al.,
2014; Trevisan et al., 2014b). However, the immediate large depolarization observed in the
present study that was followed by slow and weaker recovery compared with the Ca alone
treatment (Fig. 3.3B, D and E) contrasted the antagonistic interaction between Ca and Zn on
∆Ψmt depolarization that was reported in my previous study (Sharaf et al., 2015). While a quick
∆Ψmt repolarization was observed with Ca-induced mDPS, the partial and slow recovery of the
∆Ψmt in the combined Ca and Zn treatment might be attributed to the inhibition of the ETS
complexes (Jekabsone et al., 2003; Sharaf et al., 2015; Sharpley and Hirst, 2006) thus
compromising the proton pumping capability to correct the transient mPTP opening caused by
Ca (Fiskum et al., 1979; Ichas et al., 1997). In contrast, Zn and Ca synergistically inhibited
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mitochondrial respiration during states 3 and 3u (Fig. 3.3A and D) likely because of additive
effects at multiple sites of action (Sharaf et al., 2015).
The MCU plays a fundamental role in regulating mitochondrial Ca uptake that acts as a
secondary messenger in different biological processes including regulation of ATP production
(Pan et al., 2013). My findings that blocking MCU blunted the Ca effects, in individual and
combined treatments with Zn, (Fig. 3.7 A-E and 7A-D) indicate that the entry of Ca into the
matrix is a prerequisite for its deleterious effects on mitochondrial function. Consistent with this
notion, MCU knockout in mice (Pan et al., 2013) and pharmacological inhibition of the channel
with Ruthenium 360 abolish the deleterious effects of Ca on mitochondria (Kirichok et al.,
2004). Similar to Ca, mitochondrial Zn uptake is essential for several physiological processes
and its uptake by mitochondria acts as a clearance mechanism in some cells such as neurons
undergoing excitotoxicity (Sensi et al., 2009). Although mitochondrial Zn import was reported to
occur via MCU dependent and independent mechanisms (Malaiyandi et al., 2005; Sensi et al.,
2009) and blocking of MCU prevented Zn-induced ROS production (Clausen et al., 2013), my
finding that RR did not reduce the deleterious effects of Zn on mitochondrial respiration, ∆Ψmt or
ROS production (Fig. 3.6 A-E) suggests that the mechanism of Zn uptake into the fish
mitochondria is completely independent of the MCU and remains to be elucidated (Kambe et al.,
2015). Interestingly, despite the reported inhibitory effect of RR at high concentrations (≥ 25µM)
on mitochondrial respiration during state 3 (Vasington et al., 1972), I observed that 20 µM RR
stimulated respiration during state 3 (Fig. 3.6A, 6A and 7A). It is possible that RR at the lower
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concentration I used stimulates ETS enzymes activity but further studies are needed to elucidate
the mechanisms underlying this phenomenon.
As discussed above, Ca entry into mitochondrial matrix resulted in mDPS (Fig. 3.2 A, B, D and
E) that can be explained by either the transient mPTP opening (low conductance mode) or the
import of positive charges that temporarily lower the transmembrane electrical gradient. In my
study blocking mPTP with CsA did not inhibit the mDPS (Fig. 3.10D and 10B) but RR did (Fig.
3.7D). This suggests that the mDPS observed here, unlike the mPTP dependent mDPS reported
by (Ichas et al., 1997), was not due to transient mPTP opening but rather to the electrical gradient
disruption by positive charges associated with Ca entry into the matrix (Fig. 3.12). In contrast,
exposure of mitochondria to higher Ca (600 µM) levels resulted in sustained opening of the
mPTP (Fig. 3.9B and 10B). Sustained mPTP opening is known to de-energize and cause
mitochondria to swell, and is a major initiator of the cell death cascade (Pastorino et al., 1999).
The simultaneous multi-parametric measurements I conducted revealed that a high concentration
of Ca caused complete ∆Ψmt depolarization, immediate ROS burst and abolished states 3 and 3u
respiration due to the opening of mPTP in the high conductance mode (Fig. 3.9D) (Pastorino et
al., 1999). I confirmed that the immediate ROS burst caused by Ca was not an artifact from Ca
addition (Fig. 3.13A and B). Notably, under these conditions ∆Ψmt and ROS are inversely related
(Fig. 3.4B). Increased ROS is known to induce sustained mPTP opening (Szabo and Zoratti,
2014) resulting in ROS burst in a phenomenon known as ROS-induced ROS release (RIRR) that
acts destructively ending with cell death (Zorov et al., 2014). Although opening of mPTP had no
effect on ROS release (Komary et al., 2010), the observed ROS spike associated with mPTP
113

opening (Fig. 3.9C and D and 10C) is aligned with previous reports showing that irreversible
loss of ∆Ψmt associated with mPTP opening coincides with transient ROS burst or mitoflash
(Wang et al., 2008; Wang et al., 2012). However, it seems remarkable that in my study addition
of 600 µM Ca in the presence of mPTP blocker did not stimulate ROS (Fig. 3.10C and D and
10C), despite the fact that ROS is thought to be one of the main inducers of mPTP opening
(Szabo and Zoratti, 2014). Thus, contrary to the reported link between oxidant stress and
elevated Ca in the mPTP opening (Baumgartner et al., 2009; Szabo and Zoratti, 2014; von
Stockum et al., 2015), my results demonstrate that the Ca-induced mPTP opening was
independent of oxidant stress but dependent on the cyclophilin D pathway (Fig. 3.12)
(Baumgartner et al., 2009). Furthermore, blocking mPTP protected against Ca-induced inhibition
of respiration and depolarization during state 3u but not state 3 indicating impaired
phosphorylation subsystem and maintained functionality of the substrate oxidation subsystem
(Kurochkin et al., 2011). Lastly, despite recent reports of an interconnection between ATP
synthase and mPTP (von Stockum et al., 2015), I found an inhibition of phosphorylation in the
absence of mPTP opening. Clearly, more studies on the role of F-ATPase in mPTP opening are
required.
3.6 CONCLUSIONS
I elucidated the individual and combined effects of Zn and Ca on fish mitochondrial function
through simultaneous measurement of respiration, ∆Ψmt and ROS. My multi-parametric assay
allowed me to characterize the precise effects of mDPS and mPTP opening on mitochondrial
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respiration, ∆Ψmt and ROS during exposure to Zn and Ca. Contrary to my original hypothesis, Zn
was apparently imported into mitochondrial matrix through mechanisms independent of the
MCU and imposed its effects through immediate ∆Ψmt depolarization, inhibition of respiration
and delayed ROS stimulation without suppressing the mTRS. It is worth testing the possible role
of NNT and other components of antioxidant system in these responses. Although I ruled out the
MCU, the mechanism of Zn import into fish mitochondrial matrix remains unclear. In contrast,
Ca entered mitochondria exclusively through MCU and at moderately elevated levels caused
mDPS independent of the low conductance mode transient mPTP followed by partial ∆Ψmt
recovery and respiration inhibition. Moreover, moderately high Ca levels suppressed mTRS. At
excessively high levels, Ca opened mPTP permanently, causing complete ∆Ψmt depolarization,
respiration inhibition and ROS burst. The ROS stimulation associated with excess Ca levels was
not the cause of mPTP but a result of its opening in the high conductance mode only. Further
investigations are needed to elucidate why a ROS burst is only observed in the high conductance
mode mPTP opening.
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Excess Ca

Elevated Ca

Figure 3.12. Model illustrating the mechanism of Ca uptake and modulation of the relationship
between ROS, ∆Ѱmt and respiration. At elevated concentration (left light green side), Ca entrance
through the MCU disrupts the electrical gradient between the matrix and IMS; this disruption is
mPTP-independent. At excess levels (right dark green side), Ca induces mPTP opening via the
Cyp-D (CsA-sensitive) pathway resulting in collapse of ∆Ψmt, inhibition of respiration and
increased ROS (H2O2) release.
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B

Figure 3.13. Using RB without (A) and with (B) mitochondria and containing AR and HRP, I
added substrates and modulators in order to differentiate between real and artifactual transient
changes in the H2O2 signal. Transient artifacts ranged from spikes to dips. All artifacts did not
affect the overall rate of the H2O2 signal.
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CHAPTER 4

MITOCHONDRIAL TRANSITION ROS SPIKE (mTRS) RESULTS FROM
COORDINATED ACTIVITIES OF COMPLEX I AND NICOTINAMIDE NUCLEOTIDE
TRANSHYDROGENASE

A version of this Chapter has been submitted for peer review:
Sharaf, M.S., Stevens, D., Kamunde, C., 2017a. Mitochondrial transition ROS spike (mTRS)
results from coordinated activities of complex I and nicotinamide nucleotide transhydrogenase.
BBA-Bioenergetics. MS# BBABIO-17-3R1.
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4.1 ABSTRACT
Mitochondria exhibit suppressed ATP production, ∆Ψmt polarization and ROS bursts during
some cellular metabolic transitions. Although mitochondrial ROS release is influenced by ∆Ψmt
and respiratory state, the relationship between these properties remains controversial primarily
because they have not been measured simultaneously. I developed a multiparametric method for
probing mitochondrial function that allowed precise characterization of the temporal relationship
between ROS, ∆Ψmt and respiration. I uncovered a previously unknown spontaneous ROS spike
–termed mTRS– associated with re-polarization of ∆Ψmt that occurs at the transition between
mitochondrial energy states. Pharmacological inhibition of complex I (CI), nicotinamide
nucleotide transhydrogenase (NNT) and the antioxidant system significantly decreased the
ability of mitochondria to exhibit mTRS. NADH levels followed a similar trend to that of ROS
during the mTRS, providing a link between CI and NNT in mTRS regulation. I show that (i)
mTRS is enhanced by simultaneous activation of CI and CII; (ii) CI is the principle origin of
mTRS; (iii) NNT regulates mTRS via NADH- and ∆Ψmt-dependent mechanisms; (iv) mTRS is
not a pH spike; and (v), mTRS changes in amplitude under stress conditions and its occurrence
can be a signature of mitochondrial health. Collectively, I uncovered and characterized the
biophysical properties and mechanisms of mTRS, and propose it as a potential diagnostic tool for
CI-related dysfunctions, and as a biomarker of mitochondrial functional integrity.
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4.2 INTRODUCTION
The major energy currency molecule in cellular metabolism, ATP, is generated by both
glycolysis and OXPHOS. In most cells, OXPHOS is the principle and most efficient ATP
producing process (generates 32 ATP molecules per glucose molecule) and requires the presence
of oxygen, while glycolysis contributes minimally to ATP production (generates only 2 ATP
molecules per glucose molecule) and does not depend on oxygen availability (Lodish et al.,
2000). Cellular metabolism undergoes transition from OXPHOS as the main ATP generating
process to glycolysis under different conditions. For example, cells undergo redox waves that
last for minutes and have been proposed to correlate with the mitochondrial respiratory state
(Romashko et al., 1998). Importantly, yeast cells oscillate between the ADP-limited (state 4) and
ADP-stimulated (state 3) respiratory states on a timescale of ≥ 4 min (Bashford et al., 1980;
Lloyd et al., 2002). Moreover, many diseases and genetic disorders suppress OXPHOS and
impair ATP synthase function (Hong and Pedersen, 2008; Houštěk et al., 2006). Environmental
stress has also been associated with metabolic transitions. For example, hypoxia was found to
suppress OXPHOS and induce glycolysis via hypoxia inducible factor-1α-dependent
mechanisms (Wallace and Fan, 2010). Recently, cells responding to acute hypoxic conditions
were reported to exhibit a transient ROS burst during the first 10 min followed by recovery to
basal ROS levels thereafter (Hernansanz-Agustín et al., 2014). It was suggested that this
hypoxia-associated transient ROS burst originates from mitochondria but the underlying
bioenergetic mechanisms have not been identified (Hernansanz-Agustín et al., 2014). Another
phenomenon involving metabolic transition is hibernation, which is characterized by depressed
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metabolism associated with increased ∆Ψmt and ROS production (Brown et al., 2012).
Additionally, suppression of respiration and transition from state 3 to 4 has been reported in
mitochondria of cells undergoing apoptosis (Tirosh et al., 2003) but it is controversial whether
this transition results in an increase or decrease in ROS release (Aronis et al., 2003; Stowe and
Camara, 2009). Lastly, in isolated mitochondria, oxygen depletion and the addition of substrates,
inhibitors, uncouplers and ADP cause energetic state transitions (Chance and Williams, 1955a).
These transitions are well characterized in terms of the changes in respiration and ∆Ψmt (Brown
et al., 2012) but much remains unknown about the attendant changes in ROS emission.
Moreover, the precise temporal relationship between respiration, ∆Ψmt and ROS during different
energetic states is not known because these three mitochondrial properties have, to the best of my
knowledge, not been measured simultaneously spatiotemporally.
Although it is evident that changes in mitochondrial/cellular ROS production during
physiological, pathological and experimentally-induced energetic transitions correlate with
changes in mitochondrial oxygen consumption and ∆Ψmt, the concept of mitochondrial ROS
dependence on the respiratory energy state and ∆Ψmt remains controversial. For instance, a
positive correlation hypothesis has been suggested between ROS and ∆Ψmt but remains unclearly
explained (Holmstrom and Finkel, 2014; Suski et al., 2012b; Zorov et al., 2014). The rationale
for this hypothesis is that high ∆Ψmt decelerates electron flow resulting in the reduction of
electron carriers (Brand 2016) thus increasing the fraction of electrons that leak and partially
reduce oxygen to form superoxide anion radicals and/or H2O2 (Holmstrom and Finkel, 2014),
hereinafter collectively referred to as ROS. While the positive correlation concept is widely
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accepted, exceptions have been reported wherein decreased ∆Ψmt was associated with increased
ROS (Suski et al., 2012b). For example, AMA, which inhibits CIII and dissipates ∆Ψmt (Valdez
et al., 2006), causes reduction of the upstream electron carriers thus increasing electron leakage
to form ROS (Brand 2016; Turrens 2003). Moreover, spontaneous ROS bursts, referred to as
mitochondrial flashes or superoxide flashes (Fang et al., 2011; Hou et al., 2014; Wang et al.,
2008), have been recently reported to occur in individual mitochondria consequential to transient
∆Ψmt depolarization. These flashes last 10-20 sec and have been proposed as valuable
biomarkers for oxidative stress-related diseases and to have fundamental signaling roles in
mitochondrial activity (Hou et al., 2014; Wang et al., 2008). Because of this contradiction in the
ROS and ∆Ψmt relationship, it has been hypothesized that ROS are independent of the ∆Ψmt
(Brand 2016). Furthermore, although it has been suggested that generation of ROS does not
depend on respiration (Brand 2016), oxygen concentration has been reported as a key
determinant of ROS levels (Sena and Chandel, 2012). Therefore, monitoring oxygen levels and
∆Ψmt while measuring ROS emission is fundamental for a clear understanding of how
mitochondrial ROS release is regulated. Furthermore, because excess ROS are harmful, they are
ultimately detoxified by cellular antioxidant system to benign end products, e.g., water. In the
mitochondria, the antioxidant system mainly utilizes reduced GSH and thioredoxin (Trx)
(Albracht et al., 2011). These molecules get oxidized during oxidation-reduction reactions and
are restored to their reduced states by NADPH, which is in turn oxidized to NADP+. An integral
inner mitochondrial membrane protein, NNT, is responsible for restoring oxidized matrix
NADP+ to its reduced state (NADPH) via hydride transfer from NADH (Leung et al., 2015).
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Similar to the ATP synthase, NNT is a protonmotive force driven enzyme that utilizes ∆Ψmt to
catalyze this hydride transfer (Leung et al., 2015). Importantly, NADH is a common substrate for
NNT and CI and the interplay between the two enzymes has been suggested to regulate
mitochondrial ROS production (Albracht et al., 2011).
In the present work, I developed a real-time and high resolution method to simultaneously
measure mitochondrial respiration, ROS and ∆Ψmt. The measurement of these three
mitochondrial properties simultaneously allowed me to characterize their precise relationships
under different functional states. In particular, I discovered and characterized the biophysical
properties and mechanisms of a spontaneous transient ROS burst associated with the transition
between mitochondrial states 3 and 4.
4.3 MATERIAL AND METHODS
4.3.1 Chemicals and reagents
AR and HRP were from Molecular Probes, Inc., Oregon, USA; FCCP, oligomycin, malonate,
decylubiquinone, rotenone, AMA, H2O2, CaCl2.2H2O potassium cyanide (KCN), β-nicotinamide
adenine dinucleotide reduced disodium salt hydrate (NADH), palmitoyl-coenzyme A (palmCoA), carboxyatractyloside (CAT), auranofin (AF), 1-chloro-2,4-dinitrobenzene (CNDB) and
para-hydroxyphenylacetic acid (pHPA) were from Sigma-Aldrich, Oakville, ON. The lipophilic
cation, tetraphenylphosphonium chloride (TPP+), was from Alfa Aesar, Heysham, England.
Chemicals used for preparation of mitochondrial isolation and respiration buffers were sucrose,
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KH2PO4, KCl, EGTA, BSA, aprotinin, L-malic acid, L-glutamic acid and ADP were from
Sigma-Aldrich, Oakville, ON, Canada. Tris-HCl was from EMD Chemicals Inc, Gibbstown, NJ,
USA. Tris base and o-phosphoric acid were from Fisher Scientific, Nepean, ON, Canada.
4.3.2 Mitochondrial isolation
The experimental procedures used were approved by the University of Prince Edward (UPEI)
Animal Care Committee in accordance with the Canadian Council on Animal Care (protocol
#15-029). I employed isolated mitochondria that constitute a widely used model for studying
cellular bioenergetics (Than et al., 2014). Mitochondria were isolated from female rainbow trout
liver and heart (Oncorhynchus mykiss; 150 ± 20 g) as previously described (Sharaf et al., 2015)
and re-suspended in respiration buffer (RB-1: 10 mM Tris-HCl, 25 mM KH2PO4, 100 mM KCl,
1 mg/ml fatty acid free BSA, 2 µg/ml aprotinin, pH 7.3). Mammalian mitochondria were isolated
from male CD1 mice (40 ± 5 g) liver and heart (mice organs were donated by Dr. Sunny
Hartwig, Department of Biomedical Sciences, UPEI) by differential centrifugation (Frezza et al.,
2007) and re-suspended in respiration buffer (RB-2: 125 mM KCl, 10 mM Pi-Tris, 20 mM TrisHCl, and 0.1 mM EGTA, pH 7.2) (Vial et al., 2015). The protein concentrations of the
mitochondrial suspensions were measured by the method of Bradford (Bradford 1976) with BSA
as the standard.
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4.3.3 Unveiling the relationship between respiration, ∆Ψmt and H2O2 emission
Simultaneous measurement of respiration, ∆Ψmt and H2O2 emission was performed as described
in Chapter 3. I probed the relationship between respiration, ∆Ψmt and H2O2 emission under
control conditions. Mitochondria (0.75 mg protein per ml) from fish liver were added to the
chambers to induce State 1 then CI substrates (malate and glutamate) were added imposing state
2. State 3 respiration was initiated by addition of ADP (500 µM) and a transition to state 4
occurred after the ADP was exhausted. Preliminary ADP vs. oxygen consumption titration
determined that 500 µM ADP stimulated CI-supported respiration maximally. Another ADP
pulse was added to induce a second state 3 during which oligomycin (2.5 µg/ml) was added to
induce state 4 with oligomycin (state 4ol). Thereafter, the mitochondria were uncoupled with
FCCP (0.2 µM) and then inhibited with AMA (20 nM) to induce state 3u and state 5,
respectively.
4.3.4 Discovery and occurrence of mTRS
Mitochondria from fish liver (0.75 mg protein per ml) were added to the chambers to induce
State 1. CI (malate and glutamate) without and with CII (succinate) substrates were then added
thus imposing state 2. State 3 was initiated by addition of ADP (500 µM) and a transition from
state 3 to state 4 occurred after the ADP was exhausted. Real-time monitoring of changes in
H2O2 flux and ∆Ψmt during the transition from state 3 to 4 revealed for the first time a spike in
H2O2 emission associated with ∆Ψmt repolarization. I named this H2O2 spike mTRS. Here, I first
characterized this mTRS in mitochondria respiring on CI substrates and then explored whether
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CII and CIII contribute to this phenomenon. To investigate whether stress alters the mTRS,
changes in ROS, ∆Ψmt, and respiration during state 3 to 4 transition following addition of Ca
(100 µM) were measured. To unveil the link between mTRS and ∆Ψmt, I monitored the mTRS
biophysical properties under mild uncoupling conditions using a low concentration (0.08 µM) of
FCCP. Lastly, I simultaneously measured pH, ROS and respiration to show how pH changes
during the mTRS and under different mitochondrial functional states. Here I calibrated the
Oroboros pH electrode according to (Gnaiger 2014) and used a sensor gain of 10. Subsequently,
I tested whether the mTRS is specific to fish liver mitochondria or a common property of
mitochondria from different tissues and animal species. Specifically, the presence of spontaneous
H2O2 spikes in mitochondria from fish heart (0.15 mg protein per ml), mice liver (0.04 mg
protein per ml) and heart (0.1 mg protein per ml) undergoing state 3 to 4 transitions was
investigated.
4.3.5 Biophysical properties and mechanisms of mTRS
To characterize the biophysical properties of the mTRS, I measured its amplitude, duration and
frequency under control and stressed (exposure to elevated levels of Ca2+) conditions. To
investigate the mechanisms of the mTRS, mitochondrial energetic state transitions were imposed
as described above. I first tested the role of the NNT using its pharmacological inhibitor, palmCoA (Lopert and Patel, 2014). Here, palm-CoA concentrations (1-100 µM) were added to the
mitochondria during state 4 followed by ADP and assessment of changes in mTRS
characteristics. Second, I tested whether the suppressive effect of palm-CoA on mTRS originated
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from impaired adenine nucleotide translocator (ANT) function because palm-CoA is known to
also inhibit ANT (Ciapaite et al., 2005). Here different concentrations (0-0.5 µM) of CAT were
added during state 3 respiration and the resulting changes in mTRS properties were monitored.
Third, to test the role of the mitochondrial antioxidant system in the mTRS phenomenon, I
depleted GSH with CNDB and inhibited thioredoxin reductase (TrxR) with AF and subsequently
evaluated the induction and recovery phases of the mTRS. CNDB and AF were added singly or
in combination during state 2 and the changes in ROS, respiration and ∆Ψmt were monitored
during subsequent mitochondrial functional states. Fourth, because both NNT and CI use NADH
as substrate, I tested the idea that the mTRS is a CI-specific phenomenon. To this end, the
occurrence and changes in mTRS amplitude were assessed in mitochondria respiring on malate,
glutamate and succinate without and with rotenone (0.5 µM) added during state 4. In additional
tests, mitochondria were inhibited with both rotenone and malonate (25 μM, CII inhibitor) and
powered with 3 μM decylubiquinol (reduced with potassium borohydride) followed by addition
of ADP to monitor events associated with CIII-dependent state 3 to 4 transition. Lastly, the
mTRS was monitored in mitochondria respiring on succinate without rotenone (CI inhibitor).
4.3.6 Mitochondrial NADH
Because NADH is a common reducing equivalent for NNT and CI, I measured its levels at
different respiratory states. In this assay, mitochondria (2.25 mg/ml) from fish liver were added
to RB-1 followed by energization with malate and glutamate to impose state 2, and ADP (1.5
mM) to stimulate state 3. NADH autofluorescence was monitored at different respiratory energy
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states using a microplate-compatible fluorometer (Synergy HT, BioTek Instruments, Winooski,
VT) every 8 s for 90 min (at 20 oC) following excitation at 340 nm and emission at 440 nm
(Korge et al., 2016). KCN and FCCP were used as positive and negative controls, respectively.
4.3.7 pHPA H2O2 assay
In this microplate assay, mitochondria (2 mg/ml), HRP (25 unit/ml) and pHPA (0.1 mg/ml) were
added to each well to a final assay volume of 200 µl of RB. The fluorescence was then read
using a microplate-compatible fluorometer (FLx800 microplate fluorescence reader, Bio-Tek
Instruments, Inc.) every 30 s for 60 min at room temperature following excitation at 310/20 nm
and emission at 460/40 nm. During the experiment, mitochondrial functional states 1-5 were
imposed by sequential additions of 5 mM glutamate and malate, ADP (4 mM) and AMA (20
nM).

The

data

obtained

were

normalized

against

the

control

assay

conditions

(buffer+HRP+pHPA) to account for auto-oxidation.
4.3.8 Statistics
Statistical analysis was done with Minitab 16 (Statistical Software, 2010; State College, PA:
Minitab, Inc.). All of the data were first tested for normality (Kolmogorov-Smirnov) and
homogeneity of variances (Levene's test) and were log transformed when necessary. One way
ANOVA was performed for mTRS data, with pairwise comparisons by the Tukey’s method. All
tests were two-tailed, p  0.05.
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4.4 RESULTS
4.4.1 Relationship between mitochondrial respiration, ∆Ψmt and ROS
I measured simultaneously mitochondrial respiration, ∆Ψmt and H2O2 emission under controlled
temperature and monitored oxygen levels. During state 1, mitochondria exhibited negligible
respiration (Fig. 4.1A), minimal H2O2 emission and low ∆Ψmt (Fig. 4.1B and C). Upon
energization with CI substrates (malate and glutamate) to induce state 2, the respiration, H2O2
release, and ∆Ψmt (Fig. 4.1A-D) all significantly increased relative to state 1. The addition of
ADP induced state 3 that was characterized by higher respiration rate and ∆Ψmt depolarization
relative to state 2 (Fig. 4.1A-D). The H2O2 emission rate was not significantly altered (Fig.
4.1C). With exhaustion of the added ADP, the mitochondria transitioned from state 3 to 4 during
which a reduction in respiration, re-polarization of ∆Ψmt and a transient spike in H2O2 emission
(mTRS), were observed (Fig. 4.1D and Fig. 4.2A and B).
During the second state 3, addition of oligomycin resulted in reduced respiration (leak state 4 ol)
and re-polarization of ∆Ψmt. The addition of the protonophore FCCP stimulated respiration (state
3u) and depolarized the ∆Ψmt with non-significant changes in the rate of H2O2 emission (Fig.
4.1A-D). Lastly, the addition of AMA induced state 5 characterized by minimal respiration
(indicative of non-mitochondrial oxygen consumption), further depolarization of ∆Ψmt and
stimulation of H2O2 emission. Overlaying the respiration, ∆Ψmt and H2O2 emission plots
obtained simultaneously revealed the precise temporal relationship between the 3 key
mitochondrial functional properties under different bioenergetic states (Fig. 4.1D). I then tested
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the utility of mTRS as an indicator of mitochondrial functional integrity and showed that
stressing fish liver mitochondria with elevated levels of Ca imposed weak ∆Ψmt depolarization
(state 3) and re-polarization (state 4) and suppressed the mTRS (Fig. 4.2C). Importantly, mild
uncoupling induced by a low concentration of FCCP attenuated the mTRS (Fig. 4.2D-F). Lastly,
the concomitant measurement of pH, ROS and respiration revealed that the extra-mitochondrial
(medium) pH exhibited alkalinization only during state 3 with no change in the pH during mTRS
(Fig. 4.2G and H).
4.4.2 Biophysical properties and ubiquity of the mTRS
In fish liver mitochondria, the mTRS was a consistent feature of the point of transition from state
3 to 4 (observed in all experiments with CI-linked substrates), and lasted 3-5 min after which the
H2O2 emission rate declined and stabilized at a lower rate characteristic of state 4 (Fig. 4.1C and
D). Interestingly, liver mitochondria energized with both CI and II substrates showed an
enhanced mTRS (Fig. 4.3A). The increase in the net H2O2 emission rate during the mTRS was
5.6 pmol H2O2•mg protein-1•min-1. To test whether the mTRS is a tissue-specific phenomenon or
a general feature of mitochondrial bioenergetics, mitochondria from fish heart were studied and
compared with those from liver. Similar to liver, heart mitochondria showed mTRS (Fig. 4.3B)
indicating that this phenomenon is not organ-specific and may be a general property of
mitochondria. Moreover, the mTRS in heart mitochondria exhibited a transient net increase in
H2O2 flux of 4.2 pmol H2O2•mg protein-1•min-1•and lasted for 2-3 min.
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Figure 4.1. Simultaneous real-time high resolution measurement of mitochondrial respiration,
H2O2 emission and ∆Ψmt. (A) Mitochondrial respiration during states 1, 2, 3, 4, 4Ol, 3u and 5
(blue line: O2 concentration, nmol•ml-1; red line: O2 flux, pmol•s-1•mg protein-1). (B) ∆Ψmt at
different mitochondrial functional states (blue line: TPP+ signal as a function of ∆Ψmt level at
different mitochondrial functional states). (C) H2O2 emission at different mitochondrial
functional states (black line: H2O2 concentration, µM; green line: rate of H2O2 emission, pmol•s1

•ml-1). (D) Relationship between mitochondrial respiration, ∆Ψmt and H2O2 emission at different

functional states. Note the significant spontaneous transient stimulation of H2O2 emission during
the state 3 to 4 transitions. Tracings are representative of 3 independent trials.
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Figure 4.2. The functional interconnection between mitochondrial respiration, H2O2 emission
and ∆Ψmt determines the mTRS amplitude. When respiration and/or ∆Ψmt were compromised,
the mTRS amplitude was reduced. (A) Temporal amplification of the H2O2 emission spike,
decrease in respiration and ∆Ψmt re-polarization during mTRS. (B) Quantitative representation of
H2O2 emission (pmol•s-1•ml-1), ∆Ψmt (arbitrary units) and respiration (pmol•s-1•mg protein-1)
during state 3, mTRS and 4. Note the increase in H2O2 level during mTRS to more than double
that of the state 3. Symbols depict significant differences in state 3 relative to mTRS and state 4
for the metrics measured (N = 6). (C) Suppression of mTRS after treatment with 100 µM Ca;
note the weak respiratory and ∆Ψmt transitions associated with suppressed mTRS. (D) Mild
uncoupling with 0.08 µM FCCP resulted in a weak respiratory transition between states 3 and 4.
(E) Partial dissipation of ∆Ψmt during state 3 resulted in incomplete re-polarization of the ∆Ψmt
during state 4. (F) Mild uncoupling during state 3 did not affect ROS emission but markedly
suppressed the mTRS compared with the control. (G) The relationship between mitochondrial
respiration, H2O2 emission and pH under different mitochondrial energetic states. (H) Changes in
extramitochondrial pH during states 3 and 3u. Tracings are representative of 3 independent trials
and N = 6 for the quantitative data in panel B.
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To probe if mTRS occurs in mammalian mitochondria I measured H2O2 and oxygen fluxes
during state 3 to 4 transition in mitochondria obtained from murine tissues. As evident in Fig.
4.3C and D, murine liver and heart mitochondria showed mTRS with comparable kinetics to fish
mitochondria. The transient net increases in H2O2 fluxes during mTRS in murine liver and heart
mitochondria were 10.5 and 3.3 pmol H2O2•mg protein-1•min-1 and lasted 5-6 min and 3 min,
respectively. Collectively, the biophysical properties including amplitude, duration and
frequency of mTRS across fish and murine tissues were comparable. The duration of mTRS was
3-6 min and its occurrence was always at the transition from state 3 to 4. Moreover, the mTRS
amplitude was comparable among the fish and murine tissues tested except for the murine liver
in which it was larger.
It is worth noting that the energization of mitochondria with malate + glutamate that induced
transition from state 1 to 2 was associated with a ROS spike before a higher (relative to state 1)
steady state of ROS emission was achieved. Moreover, I observed negative spikes with the
depolarization associated with the addition of ADP and FCCP. These spikes were shown to be
artifacts associated with experimental events and clearly different from the spontaneous ROS
spike associated with the transition from state 3 to 4.
4.4.3 Mechanisms of mTRS
I validated the ROS emission behavior during states 1-5 including the mTRS by a different
method using pHPA H2O2 assay. The addition of CI substrates stimulated ROS emission which
was followed by a lower rate of ROS emission during state 3. Following ADP exhaustion, a
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rapid increase in ROS emission followed by slow recovery was observed during the transition to
state 4 (Fig. 4.4A). AMA, used as a positive control, imposed a massive surge in ROS emission
(data not shown). To understand the mechanisms underlying the mTRS, I first measured changes
in NADH levels at different metabolic states. I found that imposing state 3 resulted in a sharp
drop in NADH levels followed by an increase after transitioning to state 4 with a gradual
decrease thereafter (Fig. 4.4B and C). Second, inhibition of NNT with palm-CoA caused a
concentration-dependent ROS stimulation during state 4 and a reduction of mTRS amplitude in
the subsequent state 3 to 4 transition (Fig. 4.4D and E). Note that the concentration-dependent
H2O2 spikes immediately upon addition of palm-CoA and before the attainment of higher steady
state H2O2 fluxes (Fig. 4.4D and E) are artifacts because they occurred when palm-CoA was
added to the RB + AR-HRP H2O2 detector system without mitochondria (data not shown).
Moreover, all concentrations of palm-CoA that inhibited NNT also inhibited respiration (Fig.
4.7A and B). To confirm that the suppression of the mTRS by palm-CoA was due to NNT
inhibition and not the result of palm-coA-induced ANT inhibition, I tested the effect of the
specific ANT inhibitor, CAT, on the mTRS. Clearly, inhibition of ANT did not alter the ability
of mitochondrial to exhibit mTRS (Fig. 4.4F). It is worth noting that only CAT concentrations ≥
0.25 µM were able to inhibit CAT and induce the state 3 to 4 respiratory transition and repolarization (Fig. 4.7C and D). Third, to elucidate the role of the antioxidant system in the
expression of the mTRS phenomenon, I showed that depletion of GSH remarkably attenuated the
recovery phase of the mTRS (Fig. 4.5A).
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Figure 4.3. mTRS during respiratory transition from state 3 to 4 in fish and murine mitochondria
supported with CI and CII substrates. The mTRS had comparable biophysical properties in fish
and murine mitochondria in that it lasted 3-6 min and was always associated with the transition
from state 3 to 4 respiration. The mTRS amplitudes were similar except for murine liver which
showed higher H2O2 spike when normalized to the amount of protein. (A) mTRS in fish liver
mitochondria: ΔH2O2 flux 5.6 pmol •mg protein-1•min-1. (B) mTRS in fish heart mitochondria:
ΔH2O2 flux 4.2 pmol •mg protein-1•min-1. (C) mTRS in murine liver mitochondria: ΔH2O2 flux
10.5 pmol •mg protein-1•min-1. (D) mTRS in murine heart mitochondria: ΔH2O2 flux 3.3 pmol
H2O2·mg protein-1·min-1. The values between the arrows are mTRS amplitudes, calculated as the
difference between H2O2 emission rate during state 3 and that at the peak of the mTRS. The
values were normalized to the amount of protein added and time (min). Tracings are
representative of at least 3 independent trials.
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Interestingly, although inhibition of TrxR alone had no effect on the mTRS (Fig. 4.8), combined
GSH depletion and TrxR inhibition compromised the induction and blunted the recovery phases
of the mTRS (Fig. 4.5B). Simultaneous measurement of respiration and ∆Ψmt when the
antioxidant system was impaired revealed that concurrent GSH depletion and TrxR inhibition
had a greater effect on mitochondrial ROS emission and function than either GSH depletion or
alone (Fig. 4.5C-F). Fourth, when CII was activated and CI concurrently inhibited (succinate +
rotenone), the mTRS did not occur during state 3 to 4 transition (Fig. 4.6A and B). Additionally,
mTRS was not observed in mitochondria supported with CIII substrate only (data not shown).
Lastly, to confirm the centrality of CI in the mTRS phenomenon, I found that mitochondria
utilizing succinate without rotenone exhibited a larger mTRS compared with mitochondria
utilizing CI substrates (Fig 4.6C-E) or succinate with inhibited CI (Fig. 4.6A and B).
4.5 DISCUSSION
ROS, ∆Ψmt and respiration have fundamental and linked roles in the life and death of cells
(Nicholls and Ward, 2000; Szabo and Zoratti, 2014), but their relationship remains unclear
(Holmstrom and Finkel, 2014; Nicholls and Ward, 2000). Here I report a multiparametric
method for simultaneous real-time measurement of mitochondrial ROS, ∆Ψmt and respiration
under

controlled

temperature

and

monitored

oxygen

conditions

allowing

accurate

characterization of their temporal relationship and linkage to different respiratory energy states.
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Figure 4.4. Mechanisms of mTRS. (A) Effect of bioenergetic states on ROS emission measured
by pHPA fluorescence (N = 8). ROS emission followed similar pattern as the AR-HRP assay
except that the mTRS exhibited slower recovery. (B) Depletion of NADH after addition of ADP
followed by its increase during the transition from state 3 to 4. The restoration of NADH during
state 3 to 4 transition was followed by its depletion forming a hump-like pattern similar to mTRS
(N = 12). (C) Temporal amplification of the transition zone showing that the oxidation of NADH
during state 3 is followed by its partial restoration during the state 3 to 4 transition. (D) PalmCoA (NNT inhibitor) was used to assess the role of NNT in the mechanism of mTRS.
Mitochondria energized with CI and CII substrates showed a robust mTRS during the first
respiratory transition from state 3 to 4. Palm-CoA 1 and 5 µM were added during state 4
respiration. Both concentrations mitigated mTRS during the second respiratory transition from
state 3 to 4 with 5 µM palm-CoA causing significant stimulation of H2O2 release at steady state.
Note that the second mTRS occurred earlier for the 1 than 5 µM palm-CoA concentration
because the latter inhibited state 3 more. (E) Palm-CoA 10 and 20 µM significantly simulated
H2O2 emission during state 4 and abolished mTRS in the second respiratory transition. (F) CAT
(ANT inhibitor) did not suppress the mTRS during state 3 to 4 transition. Tracings are
representative of at least 3 independent trials.
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Figure 4.5. The role of mitochondrial antioxidant system (GSH and Trx) in the mTRS
phenomenon. (A) Depletion of GSH by CNDB resulted in a weak recovery of the ROS burst
during the mTRS. (B) Inhibition of TrxR and depletion of GSH blunted the recovery of ROS
burst during the mTRS. Both CNDB (C) and CNDB+AF (D) suppressed respiratory coupling.
(E) CNDB did not have an effect on ∆Ψmt. (F) CNDB+AF dissipated ∆Ψmt and weakened the
depolarization during state 3 and re-polarization during state 4. Tracings are representative of at
least 3 independent trials.
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Figure 4.6. Mitochondrial complexes I and II contribution to the mTRS. (A) Mitochondria with
activated CI and CII respiratory pathways had significantly higher mTRS amplitudes during the
first respiratory transition and re-polarization compared with those with CI pathway alone
activated. After CI inhibition with rotenone, the re-polarization level was similar but CII
dependent respiratory transition lacked the mTRS. (B) Inhibition of CII-dependent state 3
respiration with oligomycin did not result in ROS spike during the transition. Mitochondria
utilizing succinate without CI inhibition had higher respiration (C) and larger mTRS (D) than
those utilizing CI substrates alone. (E) ∆Ψmt was similar in mitochondria utilizing succinate
without CI inhibition and those utilizing CI substrates alone. Tracings are representative of at
least 3 independent trials.
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Figure 4.7. Palm-CoA (NNT inhibitor) and CAT (ANT inhibitor) were used to assess the role of
NNT and ANT in the mechanism of mTRS, respectively. Palm-CoA was added during state 4
respiration and concentrations ranging from 1 and 100 µM reduced the mTRS but also inhibited
state 3 respiration. Representative tracings for 1 (A) and 100 (B) µM palm-CoA showing partial
and complete inhibition of state 3 respiration, respectively. (C) and (D) ANT inhibition resulted
in an abrupt transition from state 3 to 4 respiration with normal re-polarization of ∆Ψmt. Tracings
are representative of at least 3 independent trials.
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Figure 4.8. The role of Trx in the mTRS mechanism. Inhibition of TrxR caused immediate
stimulation of ROS but did not affect the mTRS. Tracings are representative of 3 independent
trials.
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Other techniques such as microplate-based fluorometry, confocal microscopy and flow
cytometry are likely less accurate because of the difficulty in tightly controlling the assay
conditions, e.g., sample temperature and the oxygen concentration in the tube or microplate,
during measurements. While there have been previous simultaneous measurements of
mitochondrial respiration and ∆Ψmt (Brown et al., 2012), respiration and ROS (Makrecka-Kuka
et al., 2015), and ROS and ∆Ψmt (only in microplates or slides) (Cortassa et al., 2014), mine is
the first simultaneous spatiotemporal measurement of the three properties under controlled
temperature and monitored oxygen levels. To demonstrate the utility of my method in
mitochondrial physiology, I studied the relationship between mitochondrial respiration, ROS and
∆Ψmt at different energetic states.
The simultaneous increase in respiration, ∆Ψmt polarization and ROS emission during state 2
(i.e., after energization) is in agreement with an earlier report that high ∆Ψmt slows down the
flow of electrons along the ETS resulting in their leakage with partial reduction of oxygen to
form ROS (Holmstrom and Finkel, 2014). An interesting finding of my study is that contrary to
the reported spontaneous ROS burst-depolarization mitochondrial flashes that lasts 10-20 sec and
occur in individual mitochondrion (Hou et al., 2014; Wang et al., 2008), the re-polarization of
∆Ψmt during the state 3 to 4 transition triggered a highly reproducible spontaneous transient spike
in global ROS emission lasting 3-6 min (Fig. 4.1A-D) that I named mTRS. While increased ∆Ψmt
has been shown to increase ROS production (Holmstrom and Finkel, 2014), it is notable that the
ROS levels measured during this transition significantly exceeded even those associated with
state 4. Moreover, this increase in ROS was transient indicating that there is a mechanism
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responsible for returning ROS emission to normal/basal levels. A possible mechanism could be
mediated by the NNT, an ubiquitous ∆Ψmt dependent enzyme on the inner membrane that
maintains mitochondrial NADPH levels through hydride transfer from NADH (Krengel and
Törnroth-Horsefield, 2015). Specifically, reductants such as GSH and Trx are oxidized during
mitochondrial redox reactions that detoxify peroxides (ROS) (Krengel and Törnroth-Horsefield,
2015). The oxidized reductants are ultimately restored to the reduced functional forms by
NADPH-dependent mechanisms (Krengel and Törnroth-Horsefield, 2015). It is therefore
possible that due to depolarization during state 3 (∆Ψmt consumed during phosphorylation) and
reduced NADH levels (Fig. 4.4B and C), the NNT could not reduce the oxidized antioxidant
system due to low levels of NADPH (Krengel and Törnroth-Horsefield, 2015). Notably, under
conditions of dissipated ∆Ψmt and low NADH/NAD+ ratio, NNT has been found to operate in
reverse-mode to increase the NADH/NAD+ at the expense of NADPH/NADP+ and thus resulting
in low reduced GSH and Trx levels in the depolarized state (Ronchi et al., 2013). Subsequently,
when mitochondria transit from state 3 to 4, ∆Ψmt would start to re-establish resulting in
increased ROS emission consistent with the positive correlation hypothesis (Fig. 4.10)
(Holmstrom and Finkel, 2014). Collectively, my findings are consistent with the Redoxoptimized ROS balance hypothesis wherein depletion of ROS scavengers (more oxidized) during
the state 3 impairs the ability of the scavenging system to immediately mitigate the ROS
overflow during the transition to state 4 (Aon et al., 2010) resulting in the ROS burst (Fig. 4.1D).
In support of this notion, failure to fully re-establish the ∆Ψmt during state 3 to 4 transition
resulted in the suppression of the mTRS (Fig. 4.2E and F). Ultimately the ∆Ψmt becomes fully re-
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established and powers hydride transfer by NNT from NADH (Fig. 4.4B and C) to NADPH,
with the later restoring the antioxidant system that consequently mitigates the ROS spike.
Consistent with this theme, ROS burst associated with mTRS could not be mitigated when the
antioxidant system was impaired (Fig. 4.5A and B).
Aligned with this proposed NADH-NADPH-NNT pathway (Fig. 4.9) and the NADH spike I
observed during mTRS (Fig. 4.4C), NADH has been found to be oxidized during mitoflashes
(Wang et al., 2016), which might be attributed to hydride transfer carried out by NNT (Krengel
and Törnroth-Horsefield, 2015). While the mitoflashes have been shown recently to be pH
flashes rather than ROS flashes and renamed mitopHlases (Rosselin et al., 2017; Schwarzlander
et al., 2014), I clearly demonstrated that mTRS is not a pH spike (Fig. 4.2G and H). Consistent
with my finding of ROS stimulation by palm-CoA (Fig. 4.4D and E), it was found that palmCoA reduced the H2O2 removal capacity by mitochondria through NNT inhibition (Lopert and
Patel, 2014). In my study the increase in ROS to a higher steady state release rate following
palm-CoA addition (in the presence of malate + glutamate + succinate) was associated with an
initial ROS spike; its amplitude depended on the concentration of palm-CoA (Fig. 4.4D and E).
This spike was verified an artifact because it occurred when palm-CoA was added to the RB with
AR-HRP H2O2 detection system in the absence of mitochondria. Overall, while my finding that
inhibition of NNT reduced the amplitude of mTRS (Fig. 4.4D and E) confirms the role of NNT
in this ROS spike, it is important to rule out the potential contribution of the ANT. This is
because palm-CoA has been reported to also inhibit ANT and increase both ∆Ψmt (Ciapaite et al.,
2005) and ROS emission (Ciapaite et al., 2006). In this regard, my finding that addition of CAT
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did not affect the amplitude of the mTRS (Fig. 4.4F) excludes a role of ANT and persuasively
links the NNT and mTRS. Moreover, my finding that palm-CoA inhibited state 3 respiration
(Fig. 4.7A and B) can be attributed to ANT inhibition and is consistent with previous reports
(Ludzki et al., 2015).
Although the mTRS was enhanced by simultaneous activation of CI and CII respiratory
pathways (Fig. 4.6A), my data strongly suggests that only CI function is essential for the
occurrence of this phenomenon (Fig. 4.6A-E). A possible explanation for the mTRS dependence
on CI is that when CI-linked substrates are used, mitochondrial release of ROS during states 3
and 4 is mainly through CI with minor contribution of CIII (Barja 1999). When both CI and CII
are functional, reverse electron transport (RET) from the ubiquinol/ubiquinone (QH2/Q) pool
results in build-up of electrons at CI site IQ causing partial reduction of oxygen to superoxide
radical/H2O2 and higher generation of ROS during re-polarization (Lee et al., 2011). The
contribution of RET to the mTRS was evident in the amplification of mTRS in mitochondria
respiring on succinate without rotenone (Fig. 4.6E). The significance of CI in the mTRS is
further reinforced by the absence of the phenomenon in mitochondria supported only with CIII
substrate. An alternative explanation for mTRS is that ROS production is a negative function of
mitochondrial respiration rate (Cortassa et al., 2014) and with the decrease of respiration during
state 3 to 4 transition, ROS production increases; however, this does not explain the transitory
nature of the ROS spike. It is also plausible that ROS bursts during bioenergetic transitions
stimulate signaling pathways that repress respiration (Reddi and Culotta, 2013) and activate
uncoupling proteins thus increasing proton conductance and imposing a negative feedback on
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ROS production (Mailloux et al., 2011). Taken together, my data strongly support the notion that
mTRS is a CI-specific phenomenon that can be used as a biomarker for dysfunctions of this
enzyme. As noted earlier, in cells, metabolic transitions associated with the suppression of
respiration, ROS bursts and ∆Ψmt polarization can occur in acute hypoxia, yeast cells, and due to
impaired ATP synthase either in vitro following pharmacological inhibition with oligomycin or
in vivo due to genetic disorders, drug/chemical toxicities, neurological and autoimmune diseases,
etc. (Chandel et al., 2016; Folmes et al., 2011; Hernansanz-Agustín et al., 2014; Hong and
Pedersen, 2008; Houštěk et al., 2006; Xie et al., 2014). Therefore, knowledge of the mechanisms
underlying changes in ROS, ∆Ψmt and respiration that happen during these transitions is crucial
for understanding metabolic disorders associated with such conditions and development of
mitigation strategies to modulate the impact of these transitions on cell survival. Overall, the
mTRS described here is clearly a previously unrecognized consistent feature of mitochondrial
bioenergetics. Notably, the finding that mTRS amplitude is smaller in stressed and mildly
uncoupled mitochondria (Fig. 4.2C and F), and absent when CI is inhibited and in mitochondria
supported with succinate + rotenone and CIII substrates, persuasively indicate that this
phenomenon is diagnostic of CI dysfunction and mitochondrial health.
4.6 CONCLUSIONS
The simultaneous real-time and high resolution measurement of mitochondrial respiration, ∆Ψmt
(or pH) and ROS allowed me to elucidate their precise temporal relationships under different
energetic states. I report for the first time an mTRS associated with mitochondrial transition from
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state 3 to state 4 suggesting a central role of ROS signaling in cellular energetic transitions
associated with ∆Ψmt re-polarization and reduction of respiration. I show that the mTRS involves
coordinated changes in mitochondrial respiration, ∆Ψmt, and ROS, and is regulated by the
interplay between CI and NNT activities linked by NADH.
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Figure 4.9. Schematic model for proposed mechanism of mTRS. In this model, during
depolarized state 3, mitochondria have low levels of NADH as a result of CI activity and low
pmf due to ATP synthase activity in ATP synthesis. Because the pmf and NADH levels are the
limiting factors for NNT activity, there is limited reduction of NADP+ and subsequently the
antioxidant system (GSH and Trx) would exists in an oxidized state. During mitochondrial
transition from state 3 to 4, mTRS occurs spontaneously in tandem with ∆Ψmt re-polarization and
reduction in respiration. When ∆Ψmt is restored and NADH become available because of reduced
oxidation of NADH by CI and respiration during state 4, NNT reduces the antioxidant system
abolishing the ROS burst. This model illustrates that the mTRS can be used as a biomarker of
mitochondrial CI dysfunction and functional integrity.
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Figure 4.10. Correlation between ∆Ψmt and H2O2 during states 1, 2 and 3. Positive correlation
showing an increase in ROS levels with increasing ∆Ψmt.
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Moreover, the mTRS is not associated with a transient pH spike. I propose the mTRS as a novel
marker of mitochondrial functional integrity with specific utility as a tool for CI dysfunction
diagnosis.
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CHAPTER 5

GENERAL DISCUSSION AND FUTURE DIRECTIONS
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5.1 GENERAL DISCUSSION
Zn, as a priority pollutant, causes physiological perturbations in aquatic organisms. These
perturbations are ultimately linked to Zn-induced impairment of cellular energy metabolism. I
investigated the effects of Zn on mitochondria, the primary energy producers in living
organisms, and how they are modulated by Ca. I developed novel methodologies for
simultaneous and real-time multi-parametric measurement of mitochondrial function. I
uncovered previously unknown interactive effects of Zn and Ca on several biochemical and
structural aspects of mitochondria, and discovered a ROS phenomenon that is associated with
energetic transitions.
5.1.1 Zn and Ca synergistically or antagonistically alter mitochondrial function
In Chapter 2, I uncovered unique interactive effects of Zn and Ca on mitochondrial
bioenergetics. While it has been reported that both Zn and Ca impair mitochondrial function
(Adiele et al., 2012; Belyaeva and Saris, 2011; McCord and Aizenman, 2013; Ye et al., 2001), I
unveiled the nature of their interactive effects using different concentrations and endpoints. I
showed that mitochondrial responses to Zn and/or Ca would be difficult to predict because they
depend on the concentration, mitochondrial functional metric and technique used. For example,
while previous reports found that Ca acts individually and interacts synergistically with Cd to
inhibit respiration (Adiele et al., 2012), low concentrations of Zn or Ca had stimulatory effects
on respiration but when in combination they synergistically inhibited respiration. Interestingly,
the effect of combined low concentrations was beneficial at another endpoint, the oxidation state,
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where a synergistic antioxidant effect was observed. Furthermore, the findings that higher
concentrations of both cations synergistically inhibited CI activity, respiration and induced ROS
emission suggest that Ca might not be protective against Zn toxicity and may even exacerbate its
effects.
I found that Zn and Ca interactions on ∆Ψmt and ultrastructure were antagonistic. Specifically,
the ultrastructural findings that Zn caused mitochondria to shrink and protected against Ca
induced swelling is aligned with previous reports that did not find evidence of mPTP opening
with Zn exposure (Brown et al., 2000; Devinney et al., 2009; Zhuang et al., 1998). While these
findings are consistent with the widely held theme that Zn and Ca interact antagonistically on
biological sites, my research suggests that this theme is by no means universal.
Lastly, in this chapter I showed that despite the fact that some anti-oxidants might have
beneficial properties in the protection against oxidative stress, other indicators of mitochondrial
functional integrity such as coupling might be impaired. Collectively in this chapter, I showed
that effects of Zn, Ca and anti-oxidants such as NAC and vitamin E on mitochondria can vary
with the endpoint measured; therefore knowledge of their effects on different metrics is critical
for understanding their overall effects on mitochondrial function.
5.1.2 MCU regulates Ca, but not Zn, effects on mitochondrial function
While Ca and Zn have been reported to use the MCU as an uptake route (Jiang et al., 2001;
Kamer and Mootha, 2015; Pan et al., 2013), studies on how the interactive effects of the two
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cations at the MCU alter mitochondrial function are rare. In Chapter 3, I used the novel method I
developed to simultaneously measure mitochondrial respiration, ∆Ψmt and ROS to test the
hypothesis that Zn uses the MCU as an uptake route and acts competitively with Ca to alter
mitochondrial function. I showed that uptake via the MCU is critical for Ca (not Zn) to impose
its effects on mitochondrial function. I elucidated the kinetics of Zn impairment of mitochondrial
function and persuasively showed that these effects were not affected when the MCU was
blocked. Because Zn has been previously reported to enter mitochondrial matrix (Malaiyandi et
al., 2005) these findings highlight the need to identify other potential transport and uptake routes
for Zn in order to understand the mechanism of several pathological conditions associated with
Zn dyshomeostasis.
The interesting finding that Ca-induced transient depolarization, respiration stimulation and ROS
emission were completely abolished when MCU was blocked indicates the exclusivity of MCU
as an uptake route for Ca. Moreover, the entry of Ca into the matrix appears to be a requirement
for this cation to impose its deleterious effects on mitochondria. While Ca uptake by
mitochondria has been widely investigated, there have been disagreements on the extent and
speed of its uptake through the MCU (Williams et al., 2013). I showed that the abrupt
depolarization I observed with Ca is aligned with the fast uptake kinetics proposed for elevated
Ca concentrations (Williams et al., 2013). Importantly, the finding that the effects of Zn+Ca and
Zn alone in the presence of MCU blocker were similar confirmed the exclusivity of MCU for
mitochondrial Ca uptake. It is noteworthy that Zn and Ca interaction on ∆Ψmt were synergistic
when measured using TPP+ ISE under controlled temperature contrasting the antagonistic effect
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observed when measured by flow cytometry at ambient temperature. This highlights the need to
confirm experimental findings by different techniques and suggests that experimental conditions
need to be considered when comparing different studies.
5.1.3 mPTP dependent and independent mechanisms of Ca-induced mitochondrial
depolarization
In Chapter 3, I investigated the mechanisms underlying the transient (mDPS) and permanent Ca
induced mPTP openings. While there are earlier reports describing the transient depolarization
during the mDPS as a result of momentary opening of the mPTP (Ichas et al., 1997), I found that
at moderate Ca levels the mPTP did not play a role in the mDPS. I concluded that the transient
depolarization could be attributed to alternative mechanisms as suggested by earlier reports
(Fiskum et al., 1979). Another interesting finding in this chapter was that I shed light on the
potential order of events leading to the opening of mPTP. Specifically, because ROS stimulation
was absent when mPTP was blocked and was only observed when mPTP was open and ∆Ψmt
depolarization was permanent, I concluded that the ROS burst that is associated with mPTP
opening was a consequence and not a cause of mPTP.
5.1.4 mTRS discovery and its importance in assessing mitochondrial function
In Chapter 4, I discovered a transient burst in ROS that occurs when mitochondria transition
between energy states. This is my most significant finding and contribution to mitochondrial
physiology. While transient redox shifts and transition between energetic states have been
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reported in cells under fluctuating energetic supply or demand (Romashko et al., 1998) and cells
undergoing hypoxic conditions (Hernansanz-Agustín et al., 2014) and yeast during respiratory
oscillations (Bashford et al., 1980; Lloyd et al., 2002), the mechanistic underpinnings and origin
of these redox changes have not been investigated. To the best of my knowledge, my findings are
the first to unambiguously show that mitochondria undergo transient changes in ROS emission
during the transition between states 3 and 4. Using my developed method for simultaneous
measurement of mitochondrial functional properties, I showed that these transient ROS bursts
were not associated with pH shifts and were accompanied by ∆Ψmt re-polarization and
suppression of respiration. I demonstrated that the mTRS is an ubiquitous phenomenon that
occurs in mitochondria from different organs and species. While respiratory control ratio (RCR)
has been used for decades as an indicator of mitochondrial coupling and quality (Brand and
Nicholls, 2011; Chance and Williams, 1955b), I showed that mTRS can be used to assess a
broader spectrum of mitochondrial qualities including coupling (proper ∆Ψmt re-polarization),
antioxidant status, CI and NNT function.
5.2 FUTURE DIRECTIONS
My thesis revealed the types of interactive effects induced by Zn and Ca on different indices of
mitochondrial function. The findings that Zn and Ca acted synergistically at most endpoints
disqualify the hypothesized competitive relationship between these two cations. Although I
managed to isolate functional primary hepatocytes and did simultaneous measurement of cellular
respiration, ∆Ψmt and ROS, because of time limitations, I did not investigate the interactive
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effects of Zn and Ca on cells. Therefore future studies on the interaction of Zn and Ca on cellular
energy metabolism are needed in order to connect mitochondrial findings with the cellular
context.
My findings that ROS is a result of mPTP opening and not a cause clearly revealed the order of
events in this critical step in cell fate. These findings will contribute to the development of
mitigation strategies to reduce cell death associated with mPTP opening. In order to validate my
findings that Ca-induced mDPS is mPTP independent, further studies using different modulators
including small interference RNA (siRNA) knockdown of cyclophilin D (Cyp-D) (Lu and
Armstrong, 2007) are needed.
The discovery of the mTRS represents an important contribution to the mitochondrial physiology
field because it allows deeper analysis of mitochondrial quality. Notably, this discovery opens
the door for future studies to unveil the cellular signaling mediated by ROS and their role in
energetic shifts that are associated with: i) physiological transitions such as yeast respiratory
oscillations, ii) stress conditions such as hypoxia, and iii) transitions with much slower kinetics
such as those associated with cancer progression (Warburg 1956) or between de-differentiated
and differentiated cells (Chandel et al., 2016; Folmes et al., 2011). Collectively, the mTRS may
prove to be a hallmark for energetic transitions in cellular metabolism.
I presented novel methodologies for investigating mitochondrial functions. The developed realtime flow cytometric protocol can measure oxidation state in live samples and allows
concentration response studies, thus saving time and number of samples used. Future studies
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could explore simultaneous real-time flow cytometry measurement of oxidation state and other
parameters using different fluorophores. Additionally, other valuable fluorometric tools such as
confocal microscopy can validate flow cytometry findings and to visualize mitochondrial traits in
cells using either fixed or time-lapse imaging.
To the best of my knowledge, I developed the first method for simultaneous measurement of
ROS, ∆Ψmt/pH and respiration under controlled temperature and monitored oxygen levels. This
method can be used with mitochondria and cells, and allows precise characterization of key
mitochondrial features under high resolution and in real-time. This method paved the way to the
discovery of a novel mitochondrial phenomenon, the mTRS, and it has the potential to support
more discoveries in mitochondrial physiology.
Lastly, I adopted the AR-HRP microplate fluorometric assay and was able to have a working
protocol to measure ROS in rainbow trout liver mitochondria; extremely high catalase activity in
rainbow trout liver mitochondria makes measuring H2O2 emission difficult. Further
methodological development such as using ∆Ψmt dyes with different wavelengths can be adopted
to simultaneously measure ROS and ∆Ψmt.
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